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ABSTRACT 
Echinacea is a commercially important source of natural products and 
phytopharmaceuticals.  Echinacea products currently constitute a significant portion of 
the rapidly growing, multi-billion dollar natural products market.  This popularity has led 
to the expansion of commercial cultivation of Echinacea and the need to find alternative 
methods to meet the increasing demands of the phytopharmaceutical market.  Two 
methods of producing biochemical constituents in commercial use include extraction 
from field-grown plants and in vitro hairy root production. 
Echinacea seeds in the wild typically show a high degree of dormancy.  In order 
to enhance Echinacea seed germination for field production, alternative methods to break 
seed dormancy were evaluated for the three most important medicinal species of 
Echinacea, E. angustifolia DC., E. purpurea (L.) Moench, and E. pallida (Nutt.) Nutt.  
The effects of seed source and production system on growth, yield and biochemical 
content were evaluated.  Cold-moist stratification for 4 wk under 16-24 hr light 
conditions was determined to be the most effective non-chemical method to break 
Echinacea seed dormancy and increase germination rates.   
In the field production studies, where screened cages were evaluated against open 
field conditions, screened cages were associated with enhanced post-transplant 
establishment during the first year of growth.  Because of the requirement for organic 
seeds in certified organic production, we evaluated an organic Echinacea seed source and 
found sufficient yield from this stock.  Uniform recommendations, across the three 
Echinacea species, could not be determined because of numerous significant interactions 
between production system and seed source, however.  Echinacea pallida root yields 
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were equivalent to E. purpurea yields after three growing seasons, and yields were 
enhanced under screened cages.  Echinacea plants in the open field were more affected 
by aster yellows disease than were those under screened cages.  Thus, in areas of aster 
yellows incidence, satisfactory Echinacea root yields can be obtained under screened 
cages using organic seeds. 
Because of difficulties in biosynthesis and in planta variation in levels of 
bioactive compounds found in Echinacea, application of in vitro techniques in the 
production of medicinal plants can provide an alternate source of plant material for 
extraction of active ingredients.  Hairy roots of Echinacea may represent an alternative to 
the production of secondary metabolites, such as alkamides, the most important bioactive 
compounds produced by Echinacea roots.  Hairy roots were induced in the three species 
of Echinacea by transformation with Agrobacterium rhizogenes and A. tumefaciens 
containing the rol ABC genes.  Plant growth regulators, such as indole butyric acid (IBA), 
and chemical elicitors, such as jasmonic acid (JA), were evaluated for their effects on 
growth and production of alkamides in hairy root cultures.  Hairy roots induced by the A. 
tumefaciens strain were more amenable to culturing in liquid medium.  Production of 
alkamides 3, 4, 8, and 9 was increased with the A. tumefaciens (pPZPROL) strain.  
Growing media supplemented with 3% sucrose provided optimal conditions for hairy 
root growth.  When IBA was added to the growing medium, hairy roots increased their 
growth rate up to fourteen-fold compared to regular media.  Production of Echinacea 
hairy root cultures was optimized by growing cultures in the dark and using one-half-
strength Gamborg’s B5 medium supplemented with up to 1 mg·L-1 of IBA, 3% of 
sucrose, and 40 µM of JA.  In conclusion, Echinacea biochemical constituents, of interest 
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to the phytopharmaceutical market, can be produced by field-grown Echinacea roots or 
by hairy root cultures.
1 
CHAPTER 1.  GENERAL INTRODUCTION AND LITERATURE 
REVIEW 
 
Echinacea is among the most popular medicinal herbs grown and wild-harvested in the 
U.S. (Coltrain, 2001).  Americans spend an estimated $300 million annually on 
preparations of Echinacea.  Echinacea sales make up 10% of the total U.S. market in 
herbal medicine (Islam and Carter, 2005). This herb is native to North America, 
traditionally used for immunostimulatory, antiviral, and antibacterial activities (Alban et 
al., 2002; Barrett, 2003; Bauer and Wagner, 1991; Schulthess et al., 1991; Speroni et al., 
2002), and to treat colds, flu, coughs, sore throats (Letchamo et al., 2002; Percival, 2000), 
toothaches, snake bites, rabies and wound infections (Bauer and Wagner, 1991). Dietary 
supplements of Echinacea contain secondary plant metabolites derived from extracts of 
flowers, roots, leaves, or the whole plant (Bauer, 1998a; Barnes, 2002).  Fresh or dried 
underground parts (roots, rhizomes), flowering tops, and the fresh pressed juice from the 
flowering tops are used medicinally (Wichtl, 2004).  
   The genus Echinacea includes nine species (McGregor, 1968) (Table 1).  Binns et 
al. (2002), however, classify fewer species, based on phytochemical profiles.  All 
Echinacea species are herbaceous perennial plants with branched or non-branched stems 
(McGregor, 1968).  Among the species, E. angustifolia, E. purpurea, and E. pallida are 
the most popular medicinal species (Barnes, 2002).  Echinacea is commonly known as 
coneflower, pale/pale purple coneflower (E. pallida), purple coneflower, (E. purpurea 
and E. angustifolia), narrow-leaf purple coneflower (E. angustifolia), ‘blacksamson’ and 
Kansas snakeroot (E. angustifolia) (Wichtl, 2004).  Echinacea purpurea is the most 
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widely utilized and cultivated species, accounting for 80% of commercial production (Li, 
1998). Echinacea angustifolia has vertical fleshy taproots, whereas E. purpurea has more 
branched, fibrous roots (Hobbs, 1990).  Flowering heads are single at the end of stems.  
The color of the ligules depends on the species (Hobbs, 1990; Li, 1998).  Plants usually 
flower during the second and third years.  However, plants can flower during the first 
year, if seedlings are initiated early in the season under controlled conditions (Li, 1998).   
 
Table 1. The species of Echinacea. 
Species Origin and first description (with author and year in parentheses)
E. purpurea Having “purple” flowers (Moench, 1794) 
E. angustifolia “narrow leaved” (De Candole, 1836) 
E. atrorubens Having “dark red” flowers (Nuttall, 1841) 
E. pallida “pale;” has pale purple ligules and white pollen (Nuttall, 1834) 
E. sanguinea Having “blood-red” flowers (Nutall, 1841) 
E. paradoxa “unaccountable;” the only yellow-flowered species (Norton, 1902) 
E. laevigata To “make smooth;” the leaves are smooth and glaucous (Blake, 1929) 
E. tennesseensis “indigenous to Tennessee” (Small, 1933) 
E. simulata “similar to;” appearance is similar to E. pallida (McGregor, 1968) 
Source: Hobbs 1990 
 
Demand for secondary metabolites from Echinacea extracted from wild and 
cultivated plants has been reported (Hobbs, 1990).  The three most popular species (E. 
angustifolia, E. purpurea, and E. pallida) are purported to have specific medicinal 
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properties, but research has been limited on the clinical effectiveness of these species 
(Percival, 2000). Commercial production of Echinacea is traditionally seed-based, with 
seed source and seed quality affecting germination (Hassel et al., 2004; Li, 1998; Romero 
et al., 2005; Wartidiningsih and Geneve, 1994).  Qu et al. (2005b) found that five of the 
commercial seed lots they examined exhibited reduced seed dormancy compared to wild 
populations of E. purpurea.  Chemical treatments, such as ethephon and gibberellic acid 
(GA), are the most commonly used commercial methods to break seed dormancy 
(Feghahati et al., 1994; Maccia et al., 2001; Qu et al., 2004), but with the advance of the 
organic herbal industry, alternative methods are needed. 
Echinacea roots are normally harvested 3 or 4 yr after sowing, when an acceptable 
size is obtained (Sturdivant and Blakley, 1999).  Yield varied among species, but with a 
plant density of 6 to 8 plants·m-2, root harvests averaged 2500 kg·ha-1 (reviewed by Li, 
1998), with E. purpurea growth and yield exceeding these yields at greater planting 
density (Shalaby et al., 1997b; Sturdivant and Blakley, 1999).  Echinacea is often 
harvested from the wild, but the current native population size is inadequate to supply 
increasing demands from the U.S. and Europe. Continued wild harvesting of Echinacea 
has prompted concern for the loss of native populations and potential loss in genetic 
diversity (Widrlechner and McKeown, 2002).  Proper cultivation can alleviate over-
harvesting of native populations (Li, 1998), but field production is hindered by low and 
inconsistent seed germination (Hassel et al., 2004), as well as a relative lack of cultural 
information for optimal yields and enhanced bioactive compounds (reviewed by Shalaby 
et al., 1997a; Letchamo et al., 2002).   In addition, one of the key constraints to field 
production of Echinacea is aster yellows, a mycoplasma-like organism (Balge et al., 
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1999) that alters leaf and petal formation, decreases root yield, and may also be fatal. 
This disease is vectored by the aster leafhopper, Macrosteles fascifrons (Stal.) (Balge et 
al., 1999).  Mitigation of the disease can be achieved through synthetic insecticides or, in 
the case of organic production, allowable, plant-based insecticides or screens to prevent 
insect vector colonization. 
 
Composition 
Echinacea differs in biochemical composition, both among species (Barnes, 2002) (Table 
2) and within the same plant, where the biochemical constituents of roots are ofter greater 
than in shoots (Bauer, 1998b).  Chemical constituents of Echinacea include lipophilic 
fractions (alkamides and polyacetylenes) (Figure 1), water-soluble polysaccharides, 
caffeoyl conjugates such as echinacoside, cichoric acid, and caffeic acid (Figure 2), and 
flavonoids (Bone, 1997; Pellati et al., 2005).  It is generally thought that no single 
constituent or group of constituents is responsible for the human health effects of 
Echinacea (Barnes et al., 2005). 
 
Table 2. Main active compounds of the three most important Echinacea species. 
Fraction E. purpurea E. angustifolia E. pallida 
Lipophilic Isobutylamides Isobutylamides Polyacetylenes 
Hydrophilic Cichoric acid 
Polysacharides 
Echinacoside 
Polysacharides 
Echinacoside 
Cynarin 
Source: Hobbs 1990 
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Alkamides, polysaccharides, and cichoric acid are the constituents most 
recognized for immune-modulating effects associated with consumption of Echinacea 
(Percival, 2000; Barnes et al., 2005).  Senchina et al. (2006) found that alkamides in 
Echinacea roots stored for 18 months retained immunological properties.  Alkamides in 
Echinacea are mainly isobutylamides of highly unsaturated carboxylic acids with olefinic 
and/or acetylenic bonds (Greger, 1984) (Figure 1).   
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isobutylamide 
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23 pentadeca-8Z-ene-11, 13-diyn-2-one                                          24 pentadeca-8Z, 13Z-diene-11-yn-2-one 
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O
H3C    CH3
O
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25a pentadeca-8Z, 11Z, 13E-trien-2-one                                          25b pentadeca-8Z, 11E, 13Z-trien-2-one 
 
 
Figure 1. Structure of identified lipophilic metabolites in Echinacea species (compound  
numbering from Bauer et al., 1988). 
 
Echinacea angustifolia and E. purpurea contain alkamides as their major 
lipophilic constituents; however, the structural types of these compounds differ between 
the two species (Barnes, 2002).  Echinacea pallida contains very low levels of alkamides 
(Barnes, 2002; Wu et al., 2004) (Table 3). The particular plant part (roots, leaves, and 
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whole plant), stage of development, time of harvest, geographic location, and growth 
conditions can also influence biochemical variation (Percival, 2000; Letchamo et al., 
2002; Qu et al., 2005a).  Commercial Echinacea products may contain one or more of the 
Echinacea species, obtained from different geographical areas, and are available in a 
range of dosage forms, including tinctures, tablets, teas, and capsules (Barnes et al., 
2005). 
 
  Table 3. Major constituents of key Echinacea species.  
Echinacea 
species 
Plant part Constituents Comments 
E. purpurea Aerial parts Alkamides; caffeic acid esters, 
mainly cichoric acid; 
polysaccharides; 
polyacetylenes 
Echinacoside is not 
present 
E. angustifolia Roots Alkamides; caffeic acid esters, 
particularly echinacoside; 
cynarin; polysaccharides; 
polyacetylenes 
Cynarin is 
characteristic of E. 
angustifolia 
E. pallida Roots Caffeic acid ester, particularly 
echinacoside; polysaccharides; 
polyacetylenes 
Alkamides largely 
absent 
Source: Barnes 2002 
 
Secondary plant products have been shown to play a major role in the adaptation 
of plants to their environment.  Secondary metabolites have been described as antibiotic, 
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antifungal and antiviral.  The products can attract pollinators, protect plants from 
pathogens (phytoalexins), and be anti-germinative or toxic to other plants (allelopathy) 
(Bourgaud et al., 2001).  The goal of commercial medicinal plant production is to 
produce bioactive compounds for use as potential drugs, nutraceuticals, and food 
additives (Dufault et al., 2003).  Through optimal cultural techniques and management, in 
vitro strategies could maximize the concentration of bioactive compounds and root 
growth (Li, 1998).  Alternative sources of production of these compounds would be 
advantageous to supply market demand and avoid excessive wild-harvesting of native 
populations.  However, information on maximizing biochemical yield is still limited 
(Dufault et al., 2003; Li, 1998).  
 
Figure 2. Structure of phenolic compounds in Echinacea (Bauer et al., 1988). 
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According to Bourgaud et al. (2001), a major characteristic of secondary 
metabolites is that their synthesis is highly inducible.  A cultural system that induces 
secondary metabolites, such as an enriched source of alkamides that demonstrate 
immuno-stimulant and anti-inflammatory properties, may prove to be a valuable and 
convenient source for the purification of key bioactive compounds in Echinacea.  Hairy 
root cultures can serve as an alternative system to field propagation of Echinacea for the 
production of useful secondary plant compounds (Guillon et al., 2006). 
 
Hairy root cultures 
According to Kraus and Bae (2003), the extraction of compounds from whole plants is 
one of the most economical methods for isolating bioactive secondary metabolites, due to 
the expense and complexity of chemical synthesis.  Many plant secondary metabolites of 
interest are accumulated in roots.  Harvesting roots is a destructive process, and, hence, 
there has been increasing interest developing hairy root cultures from several medicinal 
plants (Guillon et al., 2006). Due to the limited availability of many plant secondary 
metabolites and their complexity limiting chemical synthesis, an alternative approach, 
such as tissue culture, has been developed for large scale production of desired 
compounds (Savitha et al., 2006).  Recent developments indicate that the hairy root 
culture technology for the production of pharmaceuticals has moved from small-scale 
laboratory to large-scale industrial production (Guillon et al., 2006).  To optimize 
production of targeted metabolites, development of a rapid and efficient production 
system would be invaluable.  Application of in vitro techniques to the production of 
medicinal plants provides an alternate source of plant material both for the extraction of 
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active ingredients and for extended physiological and biochemical studies of plant tissue 
(Coker and Camper, 2000).  
Genetic transformation of plants using the natural vector system of 
Agrobacterium rhizogenes, the causative agent of hairy root disease, has emerged as an 
important alternative to intact plants and to untransformed cell cultures for the production 
of secondary metabolites (Chaudhuri et al., 2005; Giri and Narasu, 2000; Shanks and 
Morgan, 1999).  Hairy roots are adventitious roots derived from cells transformed by the 
root inducing Ri plasmid of A. rhizogenes (Tepfer, 1984). The effectiveness of hairy root 
induction depends in part on the plant species (Dhakulkar et al., 2005; Moyano et al., 
1999), the strain of A. rhizogenes and the age of the plant (Bais et al., 2003). 
 Hairy root induction frequencies of 32% in Gmelina arborea (Dhakulkar et al., 
2005), 34% in Datura metel, 80% in a Dubosia hybrid, and 98% in Nicotiana tabacum 
were reported (Moyano et al., 1999).  Successful production of secondary metabolites has 
been implemented in hairy root cultures from several crops of pharmaceutical 
importance, such as Catharanthus roseus, Artemisia annua, Camptotheca acuminata, 
Panax ginseng, and Papaver somniferum, by using different wild-type strains of A. 
rhizogenes (Rao and Ravishankar, 2002; Tepfer, 1984). 
A mechanism behind Agrobacterium rhizogenes’ enhancement of secondary 
metabolites includes gene transfer from the Ri plasmid of A. rhizogenes into the plant 
genome (Moyano et al., 1999; Sevón and Oksman-Caldentey, 2002; Tepfer, 1984).  The 
Ri plasmids are characterized by two separate T-DNA segments, TL and TR (Huffman et 
al., 1984).  The TR region contains loci encoding biosynthesis of cytokinins (Guillon et 
al., 2006), auxin, and opines (Cardelli et al., 1985), which are low-molecular weight 
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compounds synthesized by transformed roots.  Based on the type of opines produced by 
hairy roots, A. rhizogenes strains are classified into three types: mannopine, agropine, and 
cucumopine producers (Dessaux et al., 1992).  The most effective strains used to induce 
hairy roots belong to the agropine-type, and include the following strains: 15834, A4, 
1855, and HR1 (Batra et al., 2004).  The TL region contains 18 separate open-reading 
frames including several loci called rol (root loci), which are responsible for the hairy 
root morphology (Slightom et al., 1986).  It has been proposed that the rol genes affect 
either the metabolism of plant hormones or the sensitivity of the plant cells to hormones, 
such as cytokinin, auxin or gibberellin (Bonhomme et al., 2000; Casanova et al., 2005; 
Spena et al., 1987).  Among the rol genes, rolA, B, and C, were found to have a 
synergistic effect on the induction of hairy root in Nicotiana tabacum, Kalanchoe 
blossfeldiana, Atropa belladonna (Bonhomme et al., 2000; Spena et al., 1987) and in 
Catharanthus roseus (Hong et al., 2005).  The rol genes also increased production of 
nicotine in N. tabacum hairy root cultures (Palazón et al., 1997). 
 Hairy roots grow fast, branch easily, can grow in hormone-free medium, and do 
not exhibit geotropism (Devi and Rani, 2002; Sevón and Oksman-Caldentey, 2002; 
Shanks and Morgan, 1999).  These roots are genetically stable and typically enhance the 
production of characteristic secondary metabolites.  High stability of the production of 
secondary metabolites is an interesting characteristic of hairy root cultures (Guillon et al., 
2006). Relatively high levels of terpenoids were produced in transformed roots of 
Tripterygium wilfordii (Nakano et al., 1998), whereas enhanced levels of betalins were 
produced from hairy root cultures of Beta vulgaris (Pavlov et al., 2003).  Hairy roots can 
also induce production of new secondary metabolites (Rao and Ravishankar, 2002; Sevón 
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and Oksman-Caldentey, 2002; Sheludko et al., 2002), such as pulchelin E, a member of 
the sesquiterpene lactone group, that is not present in the untransformed Rudbeckia hirta 
plants (Luczkiewicz et al., 2002); and scopoletin (7-hydroxy-6-metoxy-2H-1-
benzopyron-e-one) and dehydrogeijerin (7-methoxy-6-(methyl-1-oxo-2-butenyl)-2H-1-
benzopyran-2-one) in Ammi majus L. (Staniszewska et al., 2003).  Production of several 
known alkamides was enhanced in hairy root cultures of E. purpurea (Trypsteen et al., 
1991). 
 
Elicitors 
Many traditional strategies can be used to increase the production of secondary plant 
metabolites in vitro, but elicitation is usually one of the most successful.  Elicitation 
consists of applying chemical or environmental stresses to in vitro cultures that will 
trigger the production of secondary metabolites that are normally not produced 
(Bourgaud et al., 2001).  Elicitors are compounds of biological or non-biological origin 
which, upon contact with higher plant cells, trigger the increased production of secondary 
products (Dornenburg and Knorr, 1995; Sin et al., 1994).  Secondary metabolites are 
often plant defense molecules and several natural elicitors, described in the next section, 
are efficient in stimulating the production of pharmaceuticals in hairy roots (Guillon et 
al., 2006).   
 
Chemical elicitors 
The screening of elicitors is necessary to determine which elicitors provide optimal 
results for increasing biomass and secondary metabolite production (Dornenburg and 
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Knorr, 1995; Savitha et al., 2006), because of the wide variation in plant response to 
different putative elicitors.  It has been suggested that plants have specific receptors for 
specific elicitors and that these may vary both genetically and environmentally. The 
exogenous application of elicitors to in vitro cultures is useful for studying plant 
responses to potential pathogenic attack as well as for enhanced biotechnological 
production of value-added secondary metabolites in fermentation systems (Bais et al., 
2003).  Information concerning the factors regulating secondary metabolism can be as 
important as the selection of high-producing cell lines in optimizing metabolite 
production (Dornenburg and Knorr, 1995). 
The carbon source used in large-scale plant tissue culture usually dominates raw 
material costs (Yu et al., 1996), with sucrose being the most common carbon source for 
growing media.  Sucrose concentration can affect hairy root growth from a metabolic 
substrate stance in its physical role as an osmotically active solute in the medium, as a 
modulator of gene expression (Lourenço et al., 2002), and as signal molecule (Weather et 
al., 2004).  Sucrose can also affect the rate and yield of secondary metabolites (Yu et al., 
1996).  Sucrose requirements vary from crop to crop.  Solanum aviculare required 
sucrose concentrations of 6% (Yu et al., 1996), where Centurea calcitrapa required 4-6% 
(Lourenço et al., 2002) for optimal growth. 
 Among the chemical elicitors, plant growth regulators have been widely used to 
increase production of secondary plant metabolites (Luczkiewicz and Kokotkiewicz, 
2005; Washida et al., 2004; Yu et al., 2002).  Optimization of hormone concentration and 
combinations is often effective in increasing biomass (Dornenburg and Knorr, 1995). For 
example, plant growth regulators, such as auxins, can increase growth rate significantly 
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(Uozumi, 2004; Washida et al., 2004).  Auxins have been tested for in vitro regeneration 
of E. purpurea, and from all the auxins tested, indole butyric acid (IBA) is the most 
effective for inducing root organogenesis (Kristen et al., 2000) and root elongation 
(Koroch et al., 2002).  In a different study, 2,4-D induced only callus and no shoot or root 
formation was obtained (Coker and Camper, 2000). Although plant growth regulators 
tend to increase root growth and secondary metabolite production, there are reports where 
no differences in secondary metabolite content were observed in callus of A. majus after 
supplementing medium with growth regulators (Staniszewska et al., 2003). 
Methyl jasmonate (MJ), has also been used as an elicitor and as a signal molecule, 
with reports of increased production of alkaloids (Aerts et al., 1996; Zabetakis et al., 
1999), taxol (Verpoorte et al., 1999), and some alkamides in E. pallida seedlings (Binns 
et al., 2001).  It has also been shown that MJ can also induce secondary metabolism 
without affecting the growth rate of the cultures (Guillon et al., 2006). 
Furthermore, elicitation can enhance the secretion of metabolites into the medium, 
as observed with Oxalis tuberosa L. hairy roots that released large amounts of harmine 
and harmaline into the medium after treatments with an elicitor derived from 
Phytophthora cinnamoni (Bais et al., 2003). 
 
Environmental 
Alteration in environmental factors, such as light, temperature and nutrient levels in the 
growing medium, may also be effective in increasing production of secondary 
metabolites (Dornenburg and Knorr, 1995).  The effects of light and temperature have not 
been extensively studied in hairy root cultures.  However, in other plant cell-culture 
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systems, the effects of light and temperature have been evaluated for their roles in the 
accumulation of cell biomass and production of secondary metabolites.  It has been 
shown that an optimal temperature in cell cultures is necessary for biomass and 
metabolite production in Perilla frutescens (Zhong and Yoshida, 1993), Catharanthus 
roseus (Hoopen et al., 2002), and Panax ginseng (Yu et al., 2005). The positive effect of 
light on the production of secondary metabolites such as flavonoids (Krewzaler and 
Hahlbrock, 1973), anthocyanins (Zhong et al., 1991), betalins (Shin et al., 2004), 
artemisinin (Liu et al., 2002) and ginsenoside (Yu et al., 2005) has been documented.  In 
contrast, the negative effect of light on nicotine and shikonin production in Lithospermum 
erythorrhizon (Tabata et al., 1974) has also been reported. 
 
Dissertation Organization 
 This dissertation has six chapters.  The first chapter is a literature review of the 
medicinal aspects of Echinacea, field production issues, biochemical constituents, and 
hairy root cultures.  Chapter 2 is a manuscript published in HortScience reporting the 
effect of seed source, light, and cold-moist stratification on seed germination in three 
species of Echinacea for organic production.  Chapter 3 is a manuscript to be submitted 
to HortScience reporting the effect of seed source and organic management on 
horticultural performance of three species of Echinacea after three growing seasons.  
Chapter 4 is a manuscript submitted to Plant Cell Reports on the production of bioactive 
compounds in hairy root cultures of three species of Echinacea.  Chapter 5 is a 
manuscript to be submitted to Phytochemistry on a series of experiments to optimize the 
growing conditions and alkamide production of Echinacea hairy root cultures.  Finally, 
16 
Chapter 6 is a brief discussion of my general conclusions based on the results of Chapters 
2 through 5. 
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CHAPTER 2. THE EFFECT OF SEED SOURCE, LIGHT DURING 
GERMINATION, AND COLD-MOIST STRATIFICATION ON SEED 
GERMINATION IN THREE SPECIES OF ECHINACEA FOR ORGANIC 
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Abstract. Organic production of one of the most popular botanical supplements, 
Echinacea, continues to expand in the U.S. Echinacea seeds typically show a high degree 
of dormancy that can be broken by ethephon or gibberellic acid (GA), but these methods 
are currently disallowed in organic production. In order to determine the efficacy of non-
chemical seed treatments, we evaluated the effect of varying seed source and supplying 
light, with and without cold-moist stratification, on seed germination of the three most 
important medicinal species of Echinacea, E. angustifolia DC., E. purpurea (L.) Moench, 
and E. pallida (Nutt.) Nutt. Treatments included cold-moist stratification under 24 h light, 
24 h dark, and 16/8 h light/dark to break seed dormancy.  We found that germination was 
                                                          
1 Reprinted with permission of HortScience, 2005 40(6): 1751-1754. 
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greater in the E. purpurea and E. pallida seeds from a commercial organic seed source 
compared to a public germplasm source. When seeds were not cold-moist stratified, 16–
24 h light increased germination in E. angustifolia only. Echinacea angustifolia, E. 
purpurea, and E. pallida seeds that were cold-moist stratified under 16–24 h of light for 4 
wk had a significantly greater percentage and rate of germination compared to seeds 
germinated in the dark. Therefore, cold-moist stratification under light conditions is 
recommended as a method to break seed dormancy and increase germination rates in 
organic production of Echinacea. 
 
Market sales of Echinacea-derived supplements reached more than $39 million in 
the U.S. in 1998 (Coltrain, 2001). Traditionally, Echinacea has been used to treat the 
common cold, coughs, bronchitis, upper respiratory infections, and some inflammatory 
conditions (Percival, 2000). Echinacea roots and leaves have also been reported to 
stimulate the immune system and assist in wound healing (Schulthess et al., 1991).  The 
increase in consumption of botanical supplements has paralleled the growing importance 
of organic herb production in the U.S., which has increased from 2448 ha in 1997 to 5910 
ha in 2001 (USDA-ERS, 2005). Organic production of medicinal herbs is governed by a 
set of rules (USDA-AMS, 2005) that prescribes avoidance of synthetic chemicals, 
commonly used to increase seed germination. Non-chemical, alternative seed treatments 
have been cited as a research need by organic producers (Walz, 2003). 
Commercial production of Echinacea is traditionally seed-based, with seed source 
and seed quality reported to affect germination of E. purpurea (Hassel et al., 2004; Li, 
1998; Wartidiningsih and Geneve, 1994) and E. angustifolia (Hassel et al., 2004), but not 
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E. pallida (Hassel et al., 2004). There has been extensive experimentation on chemical, 
environmental and mechanical methods, such as scarification and seed priming, to break 
Echinacea and other species’ seed dormancy (Feghahati and Reese, 1994; Pill and 
Haynes, 1996; Samfield et al., 1991; Steadman, 2004; Wees, 2004; Yamauchi et al., 
2004) in order to synchronize emergence rates and improve seedling production 
efficiency. Ethephon pre-treatment in conjunction with cold-moist stratification provided 
optimum Echinacea seed germination (Sari et al., 1999), while GA (Feghahati and Reese, 
1994; Macchia et al., 2001) and BA (6-benzylaminopurine) were found to be effective 
treatments for E. angustifolia (Chuanren et al., 2004). Qu et al. (2004) found that E. 
pallida and E. angustifolia seeds treated with ethephon under dark conditions had similar 
or greater germination percentages than seeds germinated with light. 
While pre-chilling treatments alone increased both percentage and rate of 
germination in E. angustifolia (Feghahati and Reese, 1994; Macchia et al., 2001), cold-
moist stratification increased Echinacea germination rates compared to seeds under a dry-
cold treatment (Steadman, 2004; Wartidiningsih et al., 1994). Humidity during the 
stratification period appeared to be an important factor in releasing seeds from dormancy, 
as Echinacea germination was increased to 80% with cold-moist stratification compared 
to 1% in dry, cold-treated seeds (Shalaby et al., 1997). Yamauchi et al. (2004) found that 
Arabidopsis seeds stratified at 4 °C for 48 h exhibited increased levels of AtGA3ox, a 
cold-inducible BA biosynthesis gene directly involved in GA metabolism. Regarding 
ideal periods for cold-moist stratification, Chuanren et al. (2004) obtained optimum 
germination of E. angustifolia seeds at 18 days, while Baskin et al. (1992) recommended 
two to twelve weeks.  Four weeks was adequate to break dormancy in E. purpurea 
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(Bratcher et al., 1993); thus, the general recommendation for breaking seed dormancy in 
Echinacea spp. is 4–6 weeks of cold-moist stratification (Li, 1998).   
The light-mediated phytochrome system was also found to be involved in 
regulation of GA biosynthesis in some seeds (Yamauchi et al., 2004). The effect of light 
was associated with the increase of mRNA in GA-3-oxidase, the enzyme that catalyzes 
the final steps of the biosynthetic pathway of bioactive GA (Yamaguchi and Kamiya, 
2001).  Light following pre-chilling did not affect germination in Echinacea 
(Wartidiningsih and Geneve, 1994) but Macchia et al. (2001) found that E. angustifolia 
seed germination was increased with a pre-chilling treatment in darkness when ethephon 
was not used. When ethephon was used in conjunction with a pre-chilling treatment, 
however, E. angustifolia seed germination was enhanced by providing light (Feghahati 
and Reese, 1994; Macchia et al., 2001). Baskin et al. (1992) also obtained higher rates of 
E. angustifolia germination when light was used with pre-chilling.  No information on the 
effect of light during cold-moist stratification is available for E. purpurea and E. pallida. 
Because synthetic chemicals are disallowed in organic production (USDA-AMS, 
2005), seed germination without synthetic inputs is considered an important issue for 
organic Echinacea producers.  Here we evaluated the effect of seed source, light during 
germination, and light during cold-moist-stratification on E. angustifolia, E. purpurea, 
and E. pallida seed germination.  Methods developed from this research could provide 
useful guidelines for organic herb producers and others interested in non-chemical 
methods for improving seed germination. 
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Materials and Methods 
Three experiments were conducted to examine the effects of non-chemical methods for 
increasing seed germination in Echinacea.  Three species of Echinacea (E. angustifolia 
DC., E. purpurea (L.) Moench, and E. pallida (Nutt.) Nutt. were evaluated in each 
experiment.  Seeds were obtained from two sources: Johnny’s Selected Seeds (Albion, 
Maine), an organic seed company, and the North Central Regional Plant Introduction 
Station (NCRPIS) in Ames, Iowa.  The cultivars and seed lots of the species obtained 
from Johnny’s Seeds were E. angustifolia (Lot 17882), E. pallida (Lot 16481), and E. 
purpurea (Lot 19096). The Plant Introduction Station accession numbers and seed lots 
were E. angustifolia var. angustifolia PI 631285 (Lot 00ncai01), E. pallida PI 
631293 (Lot 00ncai01), and E. purpurea PI 631307 (Lot 00ncai01).  Seeds were placed 
in 100 × 15-mm Petri dishes containing two pieces of Whatman filter paper.  Filter paper 
was soaked with deionized water before the experiment started as described in previous 
research (Wartidiningsih and Geneve, 1994). Each Petri dish contained 50 seeds and 
represented one replicate of each of the treatments.  In each experiment, each treatment 
had three replicates. The three experiments were conducted in 2003 and repeated in 2004. 
Experiment 1: Effect of seed source on germination. The objective of this 
experiment was to determine if greater Echinacea seed germination occurs in seeds from 
a commercial organic seed source compared to a regional public germplasm source. 
Because organic seed is required wherever commercially available in certified organic 
operations (USDA-AMS, 2005), seeds from Johnny’s Selected Seeds (Albion, Maine) 
were compared with seeds from the North Central Regional Plant Introduction Station 
(Ames, Iowa) in this study. Eighteen Petri dishes containing 50 seeds each were placed in 
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a growth chamber at 25 °C under 16/8 h light/dark conditions with cool-white fluorescent 
lamps providing a light intensity of 32 μmol⋅ m-2⋅ s-1. Because maximum seed 
germination of Echinacea had been shown to occur nine days following the stratification 
period (Li, 1998; Shalaby et al., 1997), germination was determined by counting the 
number of germinated seeds on days 3 and 10 after initiation of the experiment. Seeds 
were considered germinated if at least 2 mm of radicle had emerged. 
Experiment 2: Light conditions during germination. A second experiment was 
conducted to evaluate the effect of light on seed germination of seeds without cold-moist 
stratification to determine if light alone could enhance germination.  Seeds (Johnny’s 
Selected Seeds, Albion, Maine) that had not been stratified were used for these 
experiments.  For this experiment, Petri dishes containing 50 seeds each of the three 
Echinacea species were placed in a growth chamber at 25 °C, with cool-white fluorescent 
lamps providing a light intensity of 32 μmol⋅ m-1⋅ s-1, under the following treatments: 24 
h of light, 24 h of darkness, and 16/8 h light/dark. A total of 1,350 seeds in 27 Petri 
dishes were evaluated in this experiment. Seeds were considered germinated if at least 2 
mm of radicle was present. 
Experiment 3: Light during cold-moist stratification. In order to evaluate the 
effect of light during cold-moist stratification, 27 Petri dishes containing 50 seeds each 
were kept at   4 °C in a growth chamber for 4 wk under the following treatments: 24 h of 
light, 24 h of dark, and 16/8 h light/dark.  Cool-white fluorescent lamps provided a light 
intensity of 32 μmol⋅m-1⋅s-1 in the light periods during cold-moist stratification.  Humidity 
was checked daily and water was added with a squeezable bottle as needed. After 4 wk of 
cold-moist stratification, Petri dishes were transferred to a growth chamber to observe 
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seed germination.  During the seed germination period, the temperature was 25 °C and 
light intensity was the same as during the cold-moist stratification period.  Light was 
supplied for 16 h during this phase of the experiment based on the results of Experiment 
2.  A control treatment was included to compare germination in conditions without 
stratification.  Seeds in the control treatment included the three Echinacea species that 
were not stratified.  The control treatment was placed in the growth chamber under 
temperatures of 25 °C and 16 h of light.  Germination was determined by counting the 
number of seeds with 2 mm or more of radicle growth. 
  Experiment design and data analysis. The first set of experiments (Experiments 
1–3) was conducted from 10 February–22 March 2003, and the second set of experiments 
from 25 May–4 July 2004.  A completely randomized design with three replicates of each 
treatment was used for each of the three experiments.  Seed germination was evaluated 
with the general linear model procedure of the Statistical Analysis System®, and Fisher’s 
test was used for mean treatment separation (SAS Institute, 2001). 
 
Results and Discussion 
 
Experiment 1: The effect of seed source on seed germination. Because of similar 
results in the 2003 and 2004 experiments (P = 0.5474), data were combined into a single 
analysis for this discussion. Seed source greatly affected the percentage of E. purpurea 
and E. pallida seed that germinated (Table 1). Germination was not observed on day 3 
(data not presented), but by day 10, E. purpurea and E. pallida seeds from the 
commercial organic source exhibited higher percentages of germination compared to 
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seeds from the regional public germplasm source (Table 1). Echinacea angustifolia 
germination, however, was equivalent between seed sources (Table 1). Germination, 
ranging from 66–71%, was statistically equivalent among the three species from the 
commercial organic seed source (Table 1), while E. angustifolia germination was greater 
than E. purpurea and E. pallida in public germplasm seeds (Table 1). Echinacea 
purpurea germination had been reported to be greater than E. angustifolia in previous 
studies (Shalaby et al., 1997), but in this study, E. purpurea and E. angustifolia 
germination rates were equivalent, with germination rates in E. angustifolia from both 
seed sources averaging 67%.  
As previously shown, seed source affected germination rates in E. purpurea 
(Wartidiningsih and Geneve, 1994) but contrary to the results of Hassel et al. (2004), 
seed source also affected germination of E. pallida in our study. Because NCRPIS’ 
objectives include producing sufficient quantities of seeds to conserve specific plant 
populations and to make seeds freely available to the research community (Widrlechner 
and McKeown, 2002), Echinacea plant and subsequent seed selection consisted of an 
unbiased, random collection of all individuals representing a single population of native 
plant material. The seeds from the NCRPIS were provided specifically for this research 
with the populations selected based on viability and other information in the germplasm 
database. The commercial source selects seeds on an annual basis and maintains specific 
germination criteria for commercial production purposes.  With native Echinacea 
populations, the age of the mother plant (Hassel et al., 2004), environmental conditions 
during the growing season, seed dormancy, and seed lot storage time (Wartidiningsih and 
Geneve, 1994) also affect subsequent seed germination. Thus, the percentage of dormant 
39 
seeds in NCRPIS seed lots may have been greater than in the commercial organic source. 
However, many growers prefer local ecotype seeds from regional germplasm collections 
and this study confirms that germination from public seed sources may be considerably 
more variable than from a commercial organic seed source. 
 
Experiment 2: The effect of light during germination of non-stratified seeds. In 
determining the effect of light conditions on germination of non-stratified Echinacea 
seeds, we found a differential response among the three Echinacea species (P = 0.001) by 
day 10 (germination did not commence until after day 3, as previously observed). 
Germination of E. angustifolia increased by 10% under 16 or 24 h of light compared to 
dark conditions, while E. purpurea germination was 7% greater under dark conditions 
(Fig. 1).  Echinacea pallida germination was equivalent under light and dark conditions 
(Fig. 1). 
This study suggested that Echinacea species show different levels of seed 
dormancy. These results are in concurrence with Yamauchi et al. (2004), where non-
stratified seeds exposed for short periods of time to red light increased transcription 
levels of genes related to GA metabolism and seed germination. Thus, if cold-moist 
stratification is not feasible, light should be provided to E. angustifolia to improve 
germination rates. 
 
Experiment 3: The effect of light during cold-moist stratification.  Germination 
rate and percentage of seeds germinated were improved by supplying light during cold-
moist stratification of E. angustifolia, E. purpurea, and E. pallida. Enhancement of 
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percentage and rate of seed germination in the three species of Echinacea was observed 
on day 3 (Fig. 2A) after the 4-wk stratification period (P = 0.0012) and on day 10 (P = 
0.0029) (Fig. 2B).  Overall germination rate was highest (82%) on the third day after the 
4-wk cold-moist stratification period in seeds that were exposed to 24 h of light during 
the stratification period. The germination rate of seeds in the control treatment (ambient 
conditions) was only 21% on day 3 (Fig. 2A).  Although the percentage of control seeds 
that germinated increased by day 10 to 72%, the greatest uniformity of seed germination 
occurred in the treatments receiving light for 16 or 24 h.  By day 10, control seed 
germination was comparable to cold-moist stratified seeds under dark conditions (72%), 
but 10% less than the germination obtained in cold-moist stratified seeds under 16 or 24 h 
of light (Fig. 2B).  This result is important for organic producers because, with the low 
cost of placing seeds in a refrigerated storage unit and providing water and light, greater 
uniformity in seedling emergence and subsequent synchronized transplanting, flowering, 
and harvest can be achieved. 
There were no differences in germination rates between E. pallida and E. 
purpurea seeds exposed to light during cold-moist stratification (Fig.3). Light conditions, 
on average, increased germination rates among all Echinacea species by 10% (Fig. 3). 
The greatest germination percentage (88%) was obtained in E. pallida seeds under 24 h 
of light or 16/8 h light/dark conditions during cold-moist stratification. Seeds of E. 
angustifolia that were under 24 h of darkness during this period showed the lowest 
percentage of germination (64%), which was ≈10% less than seeds that had been exposed 
to light for 24 h during cold-moist stratification (Fig. 3).  
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As demonstrated by others, cold-moist stratification was shown in this experiment 
to be an effective method to break seed dormancy in E. purpurea (Bratcher et al., 1993; 
Wartidiningsih et al., 1994) and in E. angustifolia (Baskin et al., 1992; Macchia et al., 
2001). Our results, unlike those reported by Macchia et al. (2001), demonstrated a 
positive effect from light during the cold-moist-stratification period.  Germination 
percentages greater that 70% for all species of Echinacea were obtained after 4 wk of 
cold-moist stratification under 16–24 h of light.  This rate is comparable to that obtained 
by Baskin et al. (1992) for E. angustifolia after 8 wk of cold-stratification.  Based on our 
results, the time required to break seed dormancy may be reduced by up to 4 wk by 
supplying light during the cold-moist stratification period.  As suggested by Yamauchi et 
al. (2004), light and cold temperature may have a synergetic effect on seed germination, 
with temperature being the most important factor to activate genes associated with GA 
metabolism. Based on Hilhorts (1998) hypothesis, when light is supplied during the 
stratification period, the germination process is accelerated, as seen in our experiments.  
Cold-moist stratification not only increased the percentage of germinating seeds 
in this experiment, but also germination rate, as previously reported by Wartidiningsih et 
al. (1994).  Seeds treated with low temperature and light began to germinate 48 h after the 
treatments, compared to untreated seeds which germinated on day 6. Germination was 
increased to levels comparable to those obtained when ethephon and cold treatments were 
applied at the same time (Feghahati and Reese, 1994) and resulted in a high percentage of 
seeds that germinated at the same time, which favors uniformity in plant size and time to 
transplanting. The germination percentages and rates were also similar to those obtained 
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when seeds were primed (Samfield et al., 1991; Pill et al., 1994). In addition, seed source 
had a significant effect on E. pallida and E. purpurea seed germination.  
In conclusion, based on these experiments, cold-moist stratification at 4 °C for 4 
wk under 16–24 hr of light served as an effective, alternative method for breaking 
Echinacea seed dormancy that does not require extensive expertise or special equipment 
(Wartidiningsih et al., 1994). While germination of Echinacea has generally been 
reported in a lower range, we observed that seeds of the three most medicinally important 
Echinacea species from the commercial organic seed source had germination rates in the 
range of 66–82% in this study. Therefore, cold-moist stratification of commercial organic 
seeds under light conditions is recommended for optimal organic Echinacea production. 
 
Acknowledgments 
 This publication was made possible by grant number P01 ES012020 from the 
National Institute of Environmental Health Sciences (NIEHS) and the Office of Dietary 
Supplements (ODS), NIH, and its contents are solely the responsibility of the authors and 
do not necessarily represent the official views of the NIEHS, NIH.  We also thank Dr. 
Mark P. Widrlechner, USDA-ARS North Central Regional Plant Introduction Station, for 
providing the seeds for our experiments, Johnny’s Selected Seeds, Albion, Maine, for 
organic seeds, and Dr. Rajeev Arora, Horticulture Department, Iowa State University, for 
use of cold rooms and advice on this project. We thank the Leopold Center for 
Sustainable Agriculture for providing additional support for this project. 
 
43 
Literature Cited: 
 
Baskin, C.C., J.M. Baskin, and G.R. Hoffman.  1992.  Seed dormancy in the prairie for 
Echinacea angustifolia var. angustifolia (Asteraceae): After-ripening pattern during cold 
stratification.  Int. J. Plant Sci. 153:239-243. 
 
Bratcher, C.B., J.M. Dole, and J.C. Cole.  1993.  Stratification improves seed germination 
of five native wildflower species.  HortScience 28:899-901. 
 
Chuanren, D., W. Bochu, L. Wanqian, C. Jing, L. Jie, and A. Huan.  2004.  Effect of 
chemical and physical factors to improve the germination rate of Echinacea angustifolia 
seeds.  Colloids and Surfaces B: Biointerfaces 37:101-105. 
 
Coltrain, D. 2001. Economic issues with Echinacea. Kansas State University (K.S.U.) 
Extension Publication MF-2532, K.S.U., Manhattan, KS. 
 
Feghahati S.M. and R.N. Reese.  1994.  Ethylene-, light-, and prechill-enhanced 
germination of Echinacea angustifolia seeds.  J. Amer. Soc. Hort. Sci. 119:853-858. 
 
Hassel R.L., R. Dufault, and T. Phillips.  2004.  Relationship among seed size, source and 
temperature on germination of Echinacea angustifolia, E. pallida and E. purpurea.  Acta 
Hort. 629:239-243. 
 
Hilhorst, H.  1998.  The regulation of secondary dormancy.  Seed Science Research 8:77-
90. 
 
Li, T.  1998.  Echinacea: Cultivation and medicinal value.  HortTechnology 8:122-129. 
 
Macchia M., L.G. Angelini, and L. Ceccarini.  2001.  Methods to overcome seed 
dormancy in Echinacea angustifolia DC.  Scientia Horticulturae 89:317-324. 
44 
Percival, S.S.  2000.  Use of Echinacea in Medicine.  Biochemical Pharmacology 60:155-
158. 
 
Pill, W.G., C.K. Crossan, J.J. Frett, and W.G. Smith.  1994.  Matric and osmotic priming 
of Echinacea purpurea (L.) Moench seeds.  Scientia Horticulturae 59:37-44. 
 
Pill, W.G. and J.G. Haynes.  1996.  Gibberellic acid during priming of Echinacea 
purpurea (L.) Moench seeds improves performance after seed storage.  J. Hort. Sci. 
71:287-295. 
 
Qu, L., X. Wang, J. Yang, E. Hood, and R. Scalzo.  2004.  Ethephon promotes 
germination on Echinacea angustifolia and E. pallida in darkness.  HortScience 
39:1101-1103. 
 
Samfield, D.M., J.M. Zajicek, and B.G. Cobb.  1991.  Rate and uniformity of herbaceous 
perennial seed germination and emergence as affected by priming.  J. Amer. Soc. Hort. 
Sci.  116:10-13. 
 
Sari, A.O., M.R. Morales, and J.E. Simon.  1999.  Echinacea angustifolia: an emerging 
medicinal, p. 490-493. In: J. Janick (ed.).  Perspectives on New Crops and New Uses. 
ASHS Press, Alexandria, VA. 
 
SAS Institute. 2001. SAS user’s guide: Statistics. Version 8.2 ed. Statistical Analysis 
Service Institute Inc. Cary, NC. 
 
Schulthess, B.H., E. Giger, and T.W. Baumann.  1991.  Echinacea: Anatomy, 
phytochemical pattern, and germination of the achene.  Planta Med.  57: 384-388. 
 
45 
Shalaby, A.S., E.A. Agina, S.E. El-Gengaihi, A.S. El-Khayat, and S.F. Hindawy.  1997.  
Response of Echinacea to some agricultural practices.  Journal of Herbs, Spices and 
Medicinal Plants 4:59-67. 
 
Steadman K.  2004. Dormancy release during hydrated storage in Lolium rigidum seeds 
is dependent on temperature, light quality, and hydration status.  J. Experimental Botany 
55: 929-937. 
 
USDA-AMS (U.S. Department of Agriculture -Agriculture Marketing Service).  2005. 
National Organic Program. Final Rule: 7 CFR Part 205, USDA-AMS, Washington, D.C. 
10 January 2005. <http://www.ams.usda.gov/nop>. 
 
USDA-ERS (U.S. Department of Agriculture–Economic Research Service). 2005. 
Organic Production Data. USDA-ERS, Washington, D.C. 10 January 2005. 
<http://www.ers.usda.gov/data/Organic/>. 
 
Walz, E. 2003. Final Results of the Fourth Biennial National Organic Farming Survey. 
Organic Farming Research Foundation, Santa Cruz, CA. 
 
Wartidiningsih, N. and R.L. Geneve.  1994.  Seed source and quality influence 
germination in purple coneflower [Echinacea purpurea (L.) Moench].  HortScience 
29:1443-1444. 
 
Wartidiningsih N., R.L. Geneve, and S.T. Kester.  1994.  Osmotic priming or chilling 
stratification improves seed germination of purple coneflower.  HortScience 29:1445-
1448. 
 
46 
Wees, D.  2004.  Stratification and priming may improve seed germination of purple 
coneflower, blue-flag iris and evening primrose.  Acta Hort.  629:391-394. 
 
Widrlechner, M.P., and K. A. McKeown.  2002.  Assembling and characterizing a 
comprehensive Echinacea germplasm collection, p. 506-508. In: J. Janick (ed.).  
Perspectives on New Crops and New Uses.  ASHS Press, Alexandria, VA.  
 
Yamaguchi S. and Y. Kamiya.  2001.  Gibberellins and light-stimulated seed 
germination.  J. Plant Growth Regul.  20:369-376. 
 
Yamauchi, Y., M. Ogawa, A. Kuwahara, A. Hanada, Y. Kamiya, and S. Yamaguchi.  
2004.  Activation of gibberellin biosynthesis and response pathways by low temperature 
during imbibition of Arabidopsis thaliana seeds.  The Plant Cell 16:367-378. 
 
 
 
 
 
 
 
 
47 
Table 1.  Seed germination comparison between two seed sources of three Echinacea 
species under 16 h of light when seeds were not cold-moist stratified. 
     
 Echinacea spp.  
         
     
Seed source E. angustifolia E. pallida E. purpurea  
     
 ________________Germination (%)z______________ 
Significance: 
P valuey
          
     
Commercial organic 68.2 ax 70.7 a 66.0 a NS 
     
Public germplasm 66.2 a 35.1 b 20.9 b < 0.0001 
     
Significance: 
 P valuew NS < 0.0001 < 0.001  
          
 
z Germination was determined by counting the number of germinated seeds on day 10.  
Seeds were considered germinated if at least 2 mm of radicle were present. 
yP values in the last column represent comparisons among the different species within the 
same seed source. 
xMeans within each column not followed by the same letter are significantly different at 
P = 0.05 according to Fisher’s test. 
NS Nonsignificant at P > 0.05; P value stated otherwise. 
wP values in the last row represent comparisons between seed sources. 
 
 
 
 
48 
Figure Captions 
 
Figure 1.  Effect of light during germination of non-stratified E. angustifolia, E. pallida, 
and E. purpurea seeds.  Germinated seeds were counted 10 days after initiation of the 
experiment.  Treatments were in        24 h of dark,       24 h of light, and      16/8 h of 
light/dark at a constant temperature of 25 °C.  Lines above bars represent the standard 
error of the mean. Bars within each group with different letters are significantly different 
at P = 0.05 according to Fisher’s test. 
 
 
Figure 2. Effect of light during cold-moist stratification on Echinacea (combined E. 
angustifolia, E. pallida, and E. purpurea) seed germination.  The cold-moist stratification 
treatment consisted of 4 wk at 4 °C under either       24 h of light,      24 h of dark, or       
16/8 h of light/dark.  Control treatment       was not cold-moist stratified.  Seed 
germination was conducted under 16/8 h of light/dark at 25 °C and determined (A) at 3 d 
and (B) 10 days after removal from the stratification treatment.  Control represents seeds 
germinated under 16/8 h of light/dark at 25 °C but with no stratification.  Lines above 
bars represent the standard error of the mean. Bars with different letters are significantly 
different at P = 0.05 according to Fisher’s test. 
 
 
Figure 3. Effect of light during cold-moist stratification on seed germination of E. 
angustifolia, E. pallida, and E. purpurea.  Germination was counted 10 d after removal 
from the stratification treatment.  Treatments during cold-moist stratification were        24 
h of dark,        24 h of light, and        16/8 h of light/dark.  After the stratification period, 
seeds were placed to germinate under 16/8 h of light/dark at 25 °C.  Lines above bars 
represent the standard error of the mean.  Bars within each group with different letters are 
significantly different at P = 0.05 according to Fisher’s test. 
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CHAPTER 3. EFFECT OF SEED SOURCE AND ORGANIC MANAGEMENT 
ON HORTICULTURAL AND BIOCHEMICAL PERFORMANCE OF 
ECHINACEA 
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Abstract.  Consumption of Echinacea, one of the most popular botanical supplements in 
the world, continues to expand in the U.S. In addition, organic herbal products have 
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captured a large share of the botanical supplement market. We evaluated commercial 
organic production of the three most important medicinal species of Echinacea, E. 
angustifolia DC., E. purpurea (L.) Moench, and E. pallida (Nutt.) Nutt. from two seed 
sources–commercial organic and regional public germplasm−under two production 
systems−screened cages and open field−for thee consecutive years.  We found that during 
the first year of growth, screened cages were associated with enhanced post-transplanting 
establishment in all species. Vegetative growth of E. angustifolia was not affected by 
seed source during the third season only and, after three seasons, root yields were 
equivalent in both production systems. We found no difference in E. angustifolia root 
production between Years 2 and 3 and root production was not affected by either seed 
source or production system during the three growing seasons. Vegetative growth of E. 
purpurea was affected by production system but not seed source during the three years of 
growth.  Root production of E. purpurea was affected by production system only during 
the second year of growth.  Root yield of E. pallida was greater in the open field in the 
first season, but there was a significant interaction between production system and seed 
source in the second and third years.  In Year 3, plants of E. pallida in screened cages 
produced greater root biomass than plants in the open field. 
Phenolic constituents for all species were consistent with recommended industry 
standards for botanical dietary supplements in the second and third years.  Echinacea 
plants in the open field were more affected by aster yellows disease than were those 
under screened cages. Affected plants experienced a decrease in the production of 
alkamides, which may have been related to the increase in caffeic acid derivatives 
involved in the defense mechanism of the plants.  Based on these results, in areas of aster 
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yellows incidence, satisfactory Echinacea root yields can be obtained under screened 
cages by using organic seeds of E. angustifolia and E. purpurea, with E. pallida 
producing higher yields in screened cages after three years. 
  
Echinacea is among the most popular medicinal herbs grown and wild-harvested 
in the U.S. (Coltrain, 2001).  This herb is native to North America, traditionally used for 
immunostimulatory, antiviral, and antibacterial activities (Alban et al., 2002; Barrett, 
2003; Bauer and Wagner, 1991; Schulthess et al., 1991; Speroni et al., 2002), and to treat 
colds, flu, coughs, sore throats (Letchamo et al., 2002; Percival, 2000), toothaches, snake 
bites, rabies and wound infections (Bauer and Wagner, 1991). Dietary supplements of 
Echinacea contain secondary plant metabolites derived from extracts of the roots, leaves, 
or whole plant.  Chemical constituents of Echinacea include lipophilic fractions 
(alkamides and polyacetylenes), water-soluble polysaccharides, caffeoyl conjugates 
(echinacoside, cichoric acid, and caffeic acid), and flavonoids (Bone, 1997). Alkamides, 
polysaccharides, and cichoric acid are the constituents most recognized for immune-
modulating effects associated with consumption of Echinacea (Percival, 2000). The 
particular plant part (roots, leaves, whole plant), stage of development, time of harvest, 
geographic location, and growth conditions can also influence biochemical variation 
(Percival, 2000). 
The genus Echinacea includes nine species, with E. angustifolia, E. purpurea, and 
E. pallida as the most popular medicinal species.  These three species are purported to 
have specific medicinal properties, but research has been limited on the clinical 
effectiveness of different species (Percival, 2000). Echinacea is often harvested from the 
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wild but the current native population size is inadequate to supply increasing demands 
from the U.S. and Europe. Continued wild harvesting of Echinacea has prompted concern 
for the loss of native populations and potential loss in genetic diversity (Widrlechner and 
McKeown, 2002). Proper cultivation can alleviate over-harvesting of native populations 
(Li, 1998), but field production is hindered by low and uneven seed germination (Hassel 
et al., 2004), as well as lack of cultural information for optimal yields and enhanced 
bioactive compounds (reviewed by Shalaby et al., 1997a).  
Commercial production of Echinacea is traditionally seed-based, with seed source 
and seed quality affecting germination (Hassel et al., 2004; Li, 1998; Romero et al., 2005; 
Wartidiningsih and Geneve, 1994). Echinacea roots are normally harvested 3 or 4 yr after 
sowing, when an acceptable size is obtained (Sturdivant and Blakley, 1999).  Yield varies 
among species, but with a plant density of 6 to 8 plants·m-2, root harvests averaged 2500 
kg·ha-1 (reviewed by Li, 1998), with E. purpurea growth and yield exceeding these yields 
at greater planting density (Shalaby et al., 1997b; Sturdivant and Blakley, 1999). Previous 
research has determined that Echinacea species respond to environmental cues in a 
disparate manner. In native locations, Echinacea often grows under low fertility in rocky 
soils under full sun (Li, 1998); thus, it was not surprising that neither E. purpurea nor E. 
pallida responded to fertilizer treatments, and decreased levels of growth and bioactive 
compounds were observed as fertilizer rates increased (Dufault et al., 2003). In contrast, 
when nitrogen was not supplied or supplied at low rates, supplemental potassium was 
found to increase Echinacea dry weight (Shalaby et al., 1997b), but its effects on 
bioactive constituents were not reported.  
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 The increase in consumption of botanical supplements, such as Echinacea, has 
paralleled the growing importance of organic herb production in the U.S., which 
increased from 2448 ha in 1997 to 5910 ha in 2001 (USDA-ERS, 2006). Organic 
production of medicinal herbs and other crops is governed by a set of rules (USDA-AMS, 
2006) that prescribe avoidance of synthetic inputs. One of the key constrains to field 
production of Echinacea is aster yellows, a mycoplasma-like organism (Balge et al., 
1999) that alters leaf and petal formation and may decrease root yield. This disease is 
vectored by the aster leafhopper, Macrosteles fascifrons (Stal.) (Balge et al., 1999).  
Mitigation of the disease can be achieved through synthetic insecticides (prohibited in 
organic production) or by using screens to prevent insect vector colonization. The North 
Central Regional Plant Introduction Station (NCRPIS) in Ames, Iowa, has developed a 
controlled pollination, field-cage system for Echinacea and other species. An indirect 
benefit of this system has been the protection of plants from herbivorous insects that 
cause direct damage or serve as pathogen vectors (Widrlechner et al., 1996).    
Research on organic production of Echinacea and the effects of seed source on 
plant growth and bioactive constituent levels has been limited (Li, 1998; Dufault et al., 
2003), with one study (Li, 1998) obtaining satisfactory yields under organic conditions, 
but effects of species and seed source on crop yields were not specified. The objectives of 
our research were to evaluate vegetative growth, root yield and disease incidence in E. 
purpurea, E. pallida and E. angustifolia plants from two seed sources (commercial 
organic vs. regional public) under two production systems (open field vs. screens) for 
three seasons at the North Central Regional Plant Introduction Station (NCRPIS), Ames, 
Iowa. We also evaluated the effect of these production systems and seed sources on 
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selected biochemical constituents. Results generated from this research could be applied 
to both organic and conventional farms, particularly in relation to alternative methods for 
aster yellows management, and the utility of organic seed sources. 
 
Materials and Methods 
Field Site. Echinacea field plots were established at the NCRPIS in Ames, Iowa.  
The Station is located at a latitude of 42 degrees 00’ 39” N and at a longitude of 93 
degrees 39’ 37” W.  The field plots were planted on 5 June 2003, with first-year harvests 
occurring on 6 Nov. 2003, second-year harvests on 8 Nov. 2004, and third year harvests 
on 28 Oct. 2005. 
Plant Material.  Three species of Echinacea, E. angustifolia, E. purpurea, and E. 
pallida, were evaluated in this experiment.  Seeds were obtained from two sources: 
Johnny’s Selected Seeds (Winslow, Maine), a seed company specializing in organic 
seeds, and the NCRPIS (Ames, Iowa), a public germplasm collection.  The cultivars and 
seed lots of the species obtained from Johnny’s Seeds were E. angustifolia Lot 17882 
(Ames 28187), E. pallida Lot 16481 (Ames 28188), and E. purpurea Lot 19096 (Ames 
28189).  Plant Introduction Station accession numbers and seed lots were E. angustifolia 
var. angustifolia PI 631285 (Lot 00ncai01), E. pallida PI 631293 (Lot 00ncai01), and E. 
purpurea PI 631307 (Lot 00ncai01), which represented wild populations from Iowa, 
Arkansas, and Missouri, respectively. 
Seedling Culture.  Seeds were cold-moist stratified before germination based on 
previous results (Li, 1998; Romero et al., 2005).  Seeds were placed in 100 × 15-mm 
Petri dishes containing two pieces of Whatman filter paper saturated with deionized water 
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(Wartidiningsih and Geneve, 1994) on 12 Feb. 2003.  Petri dishes containing 50 seeds 
each were held at 4 °C in a growth chamber for 4 wk under 24 h of light (Romero et al., 
2005).  Cool-white fluorescent lamps provided a photosynthetic photon flux of 32 μmol⋅ 
m-2⋅ s-1 [photosynthetically active radiation (PAR)] during cold-moist stratification.  
Humidity was checked daily, and water was added with a squeezable bottle as needed. 
After 4 wk of cold-moist stratification, all seeds were germinated in a growth chamber in 
the Department of Horticulture (Iowa State University, Ames, Iowa) at 25 °C under 16/8 
h light/dark conditions and similar flux density as previously described.  
After germination, seedlings were transferred to plastic trays (72 plugs/tray) 
containing Sunshine LC-1 Mix™ (Sun-Gro Horticulture, Bellevue, Wash.).  Trays were 
moved to a greenhouse and placed under high-pressure sodium lamps (Model # HPS400, 
Sunlight Supply, Inc., Vancouver, Wash.) that provided an average of 54 μmol⋅s-1⋅m-2 of 
supplemental irradiance from 0600 to 2200 daily, in addition to natural light.  The 
greenhouse temperature was set at 27 + 1 °C.  Seedlings growing in trays were treated bi-
weekly with a liquid organic fertilizer (Earth Juice™, Greenfire, Chico, Cal.) at a 
concentration of 32, 1.9 and 3.4 mmol · L-1 N-P-K on 15, 30 Mar.; 15, 30 Apr.; and 15, 
30 May 2003. 
Field Production Systems.  Seedlings were transplanted into field plots on 7 June 
2003, at 114 days after seeding, at a plant height of 8 to 10 cm for E. angustifolia, 10 to 
12 cm for E. purpurea, and 14 to 16 cm for E. pallida.  Each field plot (replicate) 
consisted of 30 plants spaced 18 cm between plants and 46 cm between rows (6 plants·m-
2).  In order to evaluate the effect of growing Echinacea under screens to prevent 
colonization by the aster leafhopper, we placed pre-cut mesh screens (10 × 14 mesh with 
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7% light reduction) over metal cage frames covering 24 field plots on 11 June 2003.  In 
order to fill the screened area completely with plant material, each cage (1.5 × 1.5 × 6.4 
m) contained two replicates of randomly selected treatments (accession/seed source).  
Because of the difficulty of using cultivation tools inside the low-ceiling screened cages, 
paper mulch was used in the cages to prevent weed growth per NCRPIS protocols 
(Widrlechner et al., 1996).  Open-field plants were not mulched, but weeds were removed 
through cultivation and hand-weeding to maintain approximately the same weed 
population level as under the screens. 
Data Collection.  Plant growth and development was visually monitored once a 
month.  In 2003, data were collected on 16 June, 15 July, 4 Aug., and 5 Sept.  Data 
collection commenced at an earlier date in 2004 on 21 May, and continued on 18 June, 15 
July, and 26 Aug.  In 2005, data were collected on 24 May, 16 June, 14 July, and 22 Aug. 
During the first year, plant height (highest terminal bud on plant), number of leaves, and 
number of flowers per plant were measured every month, and in the second and third 
years, plant height and number of flowers per plant were collected.  Aster yellows disease 
incidence was assessed at the time of plant growth data collection.  The disease was 
confirmed by the Plant Disease Diagnostic Laboratory at Iowa State University.  For data 
collection, five plants were randomly selected from each plot for all parameters 
evaluated. 
Plant Harvest.  First-year harvests occurred on 6 Nov. 2003, on 8 Nov. 2004 the 
second year, and on 28 Oct. 2005 in the third year.  Three plants per plot were harvested 
by digging all roots, removing soil, and placing roots in plastic bags.  Roots were washed 
to remove all soil particles and placed in paper bags.  Bags were placed in drying racks 
60 
with forced air at 40 °C for 8 days (Stuart and Wills, 2003).  After roots were completely 
dry, dry weights were taken and roots were ground through a 40-mesh screen in a Wiley 
grinder.  Ground roots were stored at -20 °C for future biochemical analysis. 
Biochemical Analysis. After the first–year harvest, no chemical analysis was 
performed due to the plant age and limited size; in the second year, concentrations of 
phenolics and alkamides were analyzed; and in the third year, only alkamides were 
analyzed due to the recent information on the importance of these compounds.  Regent-
grade ethanol (100%) was purchased from Chemistry Stores, Iowa State University.  
High Performance Liquid Chromatography (HPLC)-grade acetonitrile, acetic acid, 
regent-grade trifluoroacetic acid, phosphoric acid (85%) and certificated-grade dimetyl 
sulfoxide (DMSO) were purchased from Fisher Scientific (Fair Lawn, N.J.).  Milli-Q 
water prepared by Milli-Q system (Millipore Co., Bedford, Mass.) was used to prepare all 
mobile phases for the HPLC analysis.   
Six Echinacea phenolic compounds, chlorogenic acid and caffeic acid (Sigma-
Aldrich, Inc, St. Louis, Mo.), caftaric acid, echinacoside, cynarin, and cichoric acid 
(American Herbal Pharmacopoeia®, Scotts Valley, Calif.), were used to make the 
standard curves for the Echinacea phenolic HPLC gradient. 
Extraction of Echinacea.  Accurately weighed (usually 6 g) dry ground Echinacea 
root material was placed into a Whatman® 43mm × 123mm cellulose extraction thimble 
(Whatman International Ltd., Maidstone, England), covered with glass wool, and 
refluxed with 250 mL of  95% ethanol for 6 h by using a Soxhlet extraction device.  The 
extract was dried by a rotary evaporator (Büchner-Brinkman, R-114, Switzerland) at ≤40 
°C under reduced pressure.  The weights of dry extracts were recorded.  The dry extracts 
61 
were re-dissolved in 15 ml of dimethyl sulfoxide (DMSO) or aqueous ethanol and kept in 
a -20 °C freezer. 
HPLC Analysis of Echinacea Extracts.  The Echinacea extracts were analyzed by 
an HPLC system that consisted of a Beckman System Gold® 126 solvent module, a 
Beckman model 508 autosampler, a Beckman model 168 detector (Beckman Coulter, 
Inc., Fullerton, Calif.), and a RP- C18, 5 μm, 250 × 10 mm i.d. YMC-ODC-AM-303 
column (YMC, Inc., Wilmington, N.C.).  All Echinacea extracts were filtered through 
0.45 μm polytetrafluoroethylene filters (Alltech Associates Inc., Deerfield, Ill.) before 
injecting into the HPLC system.  Milli-Q system (Millipore Co., Bedford, Mass.)-HPLC 
grade water was degassed prior to preparing the mobile phases for HPLC analysis.  
Two HPLC gradients, phenolic and alkamide, were developed to analyze the 
Echinacea extracts. The Echinacea phenolic gradient was developed to separate the 
phenolic compounds of Echinacea extracts by modifying the Perry et al. (2001) HPLC 
method.  Modification of this method consisted of running the phenolic gradient for a 
longer period, as described in the following section. 
Echinacea Phenolic Gradient.  The mobile phases were (1) degassed Milli-Q 
water with 0.1% phosphoric acid (85%) and (2) acetonitrile.  The gradient elution was 
carried out as follows:  0-13 min, 10-22% B; 13-14 min, 22-40% B; 14-17, 40% B; 17-
17.5 min, 40-10% B; 17.5-30 min, 10% B. The total run time was 30 min.  The injection 
volume was 10 μL.  The flow rate was 1.5 mL min-1.  The UV absorbance was monitored 
from 200 to 600 nm with Beckman 32 KaratTM software (version 5.0), and the UV 
profile at 330 nm was selected as optimal for observing all the phenolic compounds. 
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Six Echinacea phenolic compounds, caftaric acid, chlorogenic acid, caffeic acid, 
echinacoside, cynarin and cichoric acid, were chosen as external standards to make the 
standard curves. All of these standards were dissolved in methanol and various amounts 
of these standards were used to make the standard curves. 
Experiment Design and Data Analysis.  A split-plot design consisting of two main 
plots was used in this experiment.  Within each main plot, replicates were organized in a 
completely randomized block design.  The main plots consisted of plants grown in 
screened cages and in the open field.  Six sub-treatments (3 species × 1 accession each × 
2 seed sources) containing 30 plants each were planted in four replicated plots under 
screens and in three replicated plots in the open field. The additional replicate under 
screens was used in order to completely fill the area within the pre-cut screened cage, 
which provided space equivalent to two field plots.  Plant growth parameters, disease 
incidence, and yields were evaluated by using the general linear model procedure of the 
Statistical Analysis System™ (SAS Institute, 2001) to identify significant treatment 
effects.  Because of the extreme differences in plant growth among the three Echinacea 
species studied in this experiment (Li, 1998), variables were analyzed separately under 
each species.  Means were compared with Fisher’s test for mean separation. 
 
Results and Discussion 
Plant Performance During the First Growing Season (2003): Echinacea 
angustifolia.  In the first season, data collection commenced 10 d post-transplanting or 5 
d after screens were placed on field cages.  At that point, E. angustifolia plant height was 
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equivalent in the two production systems (screened cages vs. open field) and between the 
two seed sources (P > 0.6536) (Fig. 1A). From the second month forward, however, 
plants growing in screened cages were taller than plants growing in the open field (Fig. 
1A).  In the comparison of seed sources, plant height was greater in the plants grown 
from the public germplasm accessions compared to the commercial seed source from the 
second month onward (Fig. 2A).  We did not observe any interaction between seed 
source and production systems during the first three months of the season, but in the 
fourth month, a significant interaction was observed (P = 0.0127) (Table 1).  On average, 
public germplasm plants were ≥ 7 cm taller than plants from the commercial source 
growing in screened cages.  However, in the open field, plants from the commercial 
source were 1.2 cm taller than plants from the public germplasm source.  
 There was an equal number of leaves produced on plants grown in screened cages 
and those in the open field during the first year, except for the first month (Table 1). In 
the first and third month of growth, plants grown from commercial seed had more leaves 
than plants from the public germplasm collection (Table 1).  We did not observe any 
interaction between seed source and production system affecting leaf number.  In the 
2003 growing season, flowering commenced at the end of the growing season (fourth 
month), and no statistical difference in flower number was observed between treatments 
(Table 1). Thus, during the first growing season, overall plant height of E. angustifolia 
was greater in screened cages compared to the open field.  This result may be attributed 
to a more protected environment for plant establishment in screened cages compared to 
open field conditions where wind and drying conditions were more extreme.  Plants of E. 
angustifolia from the public germplasm source out-performed plants from commercial 
64 
seeds, perhaps due to their better adaptation to local environmental conditions than was 
present in the commercial population, as PI 631285 was collected from a native Iowa 
population. 
Initially, E. angustifolia plants from the commercial seed source tended to have 
more leaves than plants from the public germplasm source, although plants from the 
public germplasm source tended to be taller. Flower number at mid-season and at harvest 
did not differ among treatments or accessions.  Compared to wild populations, 
commercial varieties may have been selected more for leaf and flower production 
because of the utility of these plant parts in the herbal industry (Hobbs, 1990; Percival, 
2000).  Monthly variation in leaf and flower number is important to growers who may opt 
to harvest plant material during the season. Leaves contain several phenolic compounds 
and some of the caffeic acid derivatives accumulate in flowers and seeds (Hobbs, 1990), 
leading to commercially available Echinacea products containing not only roots, but also 
leaves and flowers. 
 Echinacea purpurea. Plant height varied considerably between treatments in the 
first year.  During the first month of growth, plant height was similar in plants under 
screened cages and in the open field (P = 0.4091) (Fig. 1B), and also in plants from the 
two seed sources (P = 0.9216) (Fig. 2B). In the second month, however, there was an 
interaction between seed source and production system (P = 0.0478) (Table 1) where, 
under screened cages, public germplasm plants were 3 cm taller than commercial plants, 
but in the open field, public germplasm plants were 3 cm shorter.  By the third month, 
differences in plant height between seed sources or production systems were again 
negligible.  By the end of the season, plants growing in the open field were taller than 
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plants growing in screened cages (P = 0.0213) (Fig. 1B), and plants from the commercial 
seed source were taller than plants from the public germplasm source (P = 0.0395) (Fig. 
2B). 
 Interactions were observed in E. purpurea leaf number at 10 d after transplanting 
(Table 1), with public germplasm plants in the open field averaging 3 more leaves than 
commercial source plants, but under screened cages, leaf number was similar from either 
seed source (Table 1).  No differences were observed in leaf number among treatments 
mid-season, but in August, open field plants produced more leaves than screened caged 
plants (Table 1).  Plants growing in the open field also produced a greater number of 
flowers, but no difference was found between seed sources (Table 1).  Similar to E. 
angustifolia results, E. purpurea plants established more rapidly in screened cages 
compared to the open field, but by the end of the season, open field plants exhibited more 
vegetative growth than plants in screened cages.  Thus, the more productive commercial 
source plants in the open field reflected typical growing conditions under which 
selections are made for commercial E. purpurea populations.  This result agrees with 
other authors who reported increased growth and earlier flowering when E. purpurea was 
exposed to more light (Aziz et al., 2004). 
 Echinacea pallida. E. pallida plants under the different tratments did not show 
any difference in height during the first month of growth (Fig. 1C, 2C), but by the second 
month, a significant interaction between seed source and production system was observed  
(P = 0.0003) (Table 1).  In this month, plants from the commercial seed source growing 
in the open field were 12 cm taller than plants from the public seed source.  However, 
there was no difference in height among plants from the two seed sources growing in 
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screened cages.  Another interaction was found during the third and fourth months of 
growth (P ≤ 0.0001 and P = 0.0116, respectively) (Table 1) where plants from the 
germplasm collection in screened cages were 4 cm taller than plants from the commercial 
source, but, in the open field, plants from the commercial source were 8 cm taller than 
plants from the germplasm collection. 
 Echinacea pallida plants in the open field tended to have more leaves than plants 
growing in screened cages during the first three months of growth (June to August) 
(Table 1), with significant interactions with seed source in July and August.  During June 
and August, greater leaf production was observed overall in commercial source plants 
compared to public germplasm plants, but plants from the public germplasm source 
tended to produce more leaves in screened cages compared to the open field.  Flower 
production ceased after four months of growth, and we did not see any differences in 
flower number between seed sources or production system (Table 1).  During mid-
growing season, E. pallida plants in screened cages performed better than the open field, 
perhaps due to less temperature stress in those months, but at the end of the growing 
season, plants in the open field were the same height as plants in screened cages, with 
open field plants developing more leaves than plants in screened cages.  Despite the 
overall trend of greater production from commercial source plants over public germplasm 
plants in the open field, because of the significant interaction between seed source and 
production systems affecting plant height from July to September, and leaf number in 
July and August, seed source could not be definitively connected to overall plant 
production.  
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Plant Performance During the Second Growing Season (2004): Echinacea 
angustifolia. Vegetative growth of E. angustifolia varied by sun exposure in the second 
growing season, with plants in the open field growing taller during the first month, but by 
the end of the season, plants were the same height in either system (Fig. 1A).  In the first 
month of E. angustifolia growth, plants in the open field were taller than plants in 
screened cages (Fig. 1A) but there was no plant height difference during the second and 
fourth months of growth. Compared to the first year of production, when public 
germplasm E. angustifolia plants produced more vegetation than those from the 
commercial source, seed source did not affect overall growth in the second year (Fig. 
2A).  With the exception of growth patterns in May of the second season, when plants 
from the commercial source were taller than plants from the public germplasm source, E. 
angustifolia plant height from the two seed sources was similar (Fig. 2A).   
In the second year of production, E. angustifolia plants initiated flowering during 
the first month of growth, with a greater number of flowers in the open field (P = 
0.0008).  There was no significant difference between production system or seed source 
in the following months, however (Fig. 1A, 2A).  Soil moisture is an important factor to 
consider in E. angustifolia production (Li, 1998), and soils with drainage problems or 
conditions leading to high moisture retention should be avoided for optimal growth. 
Because E. angustifolia prefers dry soil conditions, the open field may be preferred for 
production of E. angustifolia, as screen–caged plants tended to exhibit more vegetative 
growth when soil in the cages dried after a humid spring. 
 Echinacea purpurea. In contrast to E. angustifolia results, E. purpurea plants 
were taller in screened cages than in the open field during the second growing season 
68 
(Fig. 1B). Contrary to first year results, there was less of an effect from seed source or 
production system on above-ground E. purpurea production. In 2004, height was 
equivalent in plants from either seed source over the entire season (Fig. 2B).  The number 
of flowers produced by E. purpurea during 2004 was significantly different only in June, 
when plants in the open field produced more flowers than did plants in screened cages 
(Fig. 1B).  There was no effect of seed source on number of flowers produced during the 
second growing season (Fig. 2B). Based on these results, E. purpurea appears to adapt 
well to the lower light conditions and perhaps to the lower temperatures (Hobbs, 1990) 
provided by screened cages, as compared to E. angustifolia.   
Echinacea pallida. In the second growing season, there was a significant 
interaction between seed source and production system affecting E. pallida plant height 
(Table 1).  In May, plants from the public germplasm source in screened cages were taller 
than plants from the commercial source, but plants from the commercial source were 
taller than public germplasm plants in the open field. In June, July and August, the 
interaction between seed source and production system was also significant (P ≤ 0.0001, 
≤ 0.0001, 0.0213, respectively) (Table 1), with plants from either seed source equivalent 
in height under screened cages (Fig. 1C), but plants from commercial seeds in the open 
field were taller than their public germplasm counterparts. 
 Flower number was affected by production system and seed source during the 
first two months of 2004 (Fig. 1C, 2C), with plants growing in the open field and from 
the commercial source producing more flowers than did the other treatments.  In July, 
when commercial source plants produced more flowers than public germplasm plants in 
both cages and open field, the interaction between seed source and production system 
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was still significant (P = 0.0016) (Table 1).  Thus, the difference in E. pallida flower 
number was greater in plants growing in the open field (Fig. 1C).  Echinacea pallida 
from the commercial source responded better to open field conditions in the second year, 
which was opposite of first year results, when performance was greater in screened cages 
and seed source did not affect plant growth. 
 
Plant Performance During the Third Growing Season (2005):Echinacea angustifolia. 
Plant height of E. angustifolia was initially greater in the open field at the beginning of 
the third year.  From the second month of growth onward, the difference in plant height 
was not significant between screened cages and the open field (Fig. 1A).  Seed source did 
not affect plant height during the third growing season (Fig. 2A).  No interaction between 
production system and seed source was found to affect E. angustifolia plant height (Table 
1). 
Plants growing in the open field may have received more light during the first 
days of the season compared to those under screens.  Thus, light seems to be an important 
factor during the first days of the season when the plants are initiating growth. 
Echinacea angustifolia produced more flowers in the first and second months in 
the open field compared to screened cages, but the difference was not significant in the 
third and fourth months of growth (Fig. 1A).  No difference in the number of flowers per 
plant was found between seed sources in any month (Fig. 2A). The interaction between 
production system and seed source did not affect flower production during the third 
growing season (Table 1).  Plants in the open field that grew faster produced more 
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flowers.  Once plants in screened cages achieved adequate photosynthetic capacity, these 
plants produced similar numbers of flowers as the plants growing in the open field. 
Echinacea purpurea.  E. purpurea plants, contrary to E. angustifolia plants, were 
taller during the entire third growing season in screened cages compared to the open field 
(Fig. 1B).  Echinacea purpurea may have been more affected than the other species by 
the reduced light under the screens, causing etiolation and greater plant height compared 
to the open field.  Seed source did not affect plant height during the third growing season 
(Fig. 2B). The interaction between seed source and production systems was significant 
only during the fourth month of growth (Table 1). 
There was no difference in the number of flowers produced by E. purpurea in 
either production system during the first three months of the third growing season (Fig. 
1B).  At the end of the season, however, flower production was significantly greater 
under cages compared to the open field (Fig. 1B).  Seed source had a significant effect on 
number of flowers during months two and four, when plants from the commercial source 
produced more flowers than plants from the public germplasm collection (Fig. 2B). 
Echinacea pallida. The effect of seed source, production system, and the 
interaction between these variables was significant for E. pallida during the majority of 
the third growing season (Table 1).  Plants in screened cages grew taller than plants 
growing in the open field (Fig. 1C).  Plants from the public germplasm source, however, 
grew taller than plants from the commercial source during the first month (Fig. 2C), but 
plants from the commercial source grew taller than plants from the public germplasm 
source during the second and third months (Fig. 2C).  No difference in plant height was 
observed between seed sources in the fourth month of growth (Fig. 2C).  There was a 
71 
significant interaction between seed source and production system on all sampling dates, 
however (Table 1). 
Similar to plant height, flower production of E. pallida was affected by seed 
source, production system, and the interaction between these treatments (Table 1).  
During the first two months, plants in the open field produced more flowers than plants in 
screened cages (Fig. 1C).  However, the difference was not significant in the third and 
fourth months (Fig. 1C).  Plants from the public germplasm source produced more 
flowers than plants from the commercial source in the first month. In the second and the 
fourth months, however, plants from the commercial source produced more flowers than 
plants from the public germplasm source.  No difference in the production of flowers was 
found between seed sources in the third month of growth (Fig. 2C).  There was a 
significant interaction between seed source and production system affecting flower 
production in the second and third months of growth, however (Table 1). 
 
Root Yield.  Averaged over both production system and seed source, root production in E. 
purpurea and E. pallida was greater in 2005 than in 2004 and 2003 (P ≤ 0.0001) (Table 
2).  Root production of E. angustifolia was equivalent in 2004 and 2005 (Table 2).  
Averaging a three-fold annual increase in production over all species during the first two 
years of growth, the greatest increase in yield occurred in E. pallida, which experienced a 
345% increase in root yield from 2003 to 2004.  Despite a 288% increase from year one 
to year two, E. angustifolia yields remained among the lowest, averaging 1400 kg ha-1 in 
year two and 1344.4 kg ha-1 in year three compared to 3702 and 5173.2 kg ha-1 from E. 
purpurea plants in years two and three, respectively (Table 2).  
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In the 2003, 2004, and 2005 seasons, there was no difference in root dry weight of 
E. angustifolia plants in screened cages or in the open field, or between seed sources 
(Table 2). Neither seed source nor production system affected E. purpurea root 
production in 2003 and 2005 (Table 2), but production system had a significant effect on 
root yield in 2004 (Table 2), when root yield was greater from plants in the open field 
than from plants in screened cages.  Root production of E. pallida was influenced by seed 
source in both 2003 and 2004 and by the production system in 2003 and 2005, but there 
was no significant interaction between seed source and production system in 2003 and in 
2005 (Table 2).  Echinacea pallida plants in the open field and from the commercial 
source produced greater root yields in 2003 compared to public germplasm plants in 
screened cages, with opposite results in 2005 (Table 2).  There was a significant 
interaction between E. pallida production system and seed source in 2004 (Table 2).  This 
interaction may have been a result of commercial source plants producing greater yields 
than public germplasm plants, but the difference was greater under open field conditions. 
 
Disease Incidence. In the first year (2003), there was no incidence of aster yellows 
disease.  However, in the second year (2004), the disease affected many plants in the 
open field and under screened cages.  In 2004, aster yellows symptoms were detected in 
all species of Echinacea.  Plants in the open field were more affected by this disease than 
plants growing under screened cages (Table 3), as expected, because the screen 
maintained a barrier to the vector, the aster leafhopper.  On average, plants in screened 
cages were 11% less affected than field grown plants.  Seed source did not affect the 
incidence of aster yellows for any of the three species, as both commercial and public 
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germplasm seed sources were similarly affected by the disease. Of the three species, the 
incidence of aster yellows was greatest in E. purpurea (17% of plants affected) (Table 3).  
There was also a significant interaction between seed source and production system for 
disease incidence in E. pallida plants (P = 0.0351), with plants from the commercial 
source more affected in the open field compared to levels under screened cages (Table 3).  
An 11% reduction in aster yellows, as a result of using the screened cages to prevent 
transmission of the disease, is significant because the disease can spread quite rapidly. 
According to area producers, the 17% infection rate in the field could have become 40% 
within a year if the disease was not managed.  With the rigorous removal of infected 
plants in the 2004 season (plants were removed after the disease was enumerated), a 
minimum number of affected plants (< 10 total) was detected in 2005. 
Plants of E. purpurea affected by aster yellows were analyzed to see if their 
biochemical composition had been changed by the disease (Fig. 3).  The phenolic content 
of plants affected by the aster yellows disease was changed significantly where an 
increase in the number of caffeic acid derivatives was observed compared to unaffected 
plants (Fig. 3A, 3B).  Higher levels of caftaric and cichoric acid were observed in 
unaffected roots.  Our results showed a similar pattern as those exhibited by plants 
affected by cucumber mosaic cucumovirus, which had a lower content of lipophilic 
compounds compared to healthy plants (Hudaib et al., 2002). In the lipophilic gradient, 
we found production of alkamides 1, 2, 3, 4, 5, 7, 8+9 in both affected and non-affected 
plants (Fig. 3C, 3D).  However, the amount of alkamides 2, 3, 4, 5, 7, 8+9 was reduced in 
roots affected by this disease (Fig. 3C, 3D). 
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Biochemical Analysis. Biochemical compounds utilized as standards by the herbal 
industry were identified in the dried root samples of the three species of Echinacea 
(Table 4). In general, concentrations of phenolic compounds in the second-year 
Echinacea roots corresponded with levels observed by other researchers (Binns et al., 
2002; Perry et al., 2001). Caftaric and caffeic acids were the exception, as these 
compounds were not present in E. angustifolia, but were present in E. purpurea at 
concentrations lower than the range reported by Binns et al. (2002).  Roots of E. pallida 
in this experiment, however, contained greater concentrations of caftaric and caffeic acids 
than previously reported (Binns et al., 2002).  
The greatest concentration of chlorogenic acid was present in second-year E. 
angustifolia roots, followed by E. purpurea and E. pallida.  In all cases, chlorogenic acid 
concentrations were greater that those previously reported (Perry et al., 2001).  Among all 
phenolic compounds, echinacoside was found in the greatest concentration in E. 
angustifolia and E. pallida.  Echinacoside is used as a marker for E. angustifolia and E. 
pallida, since it is not present (or found in very low concentrations) in E. purpurea 
(Binns et al., 2002). Finally, cichoric acid was found in E. purpurea at similar levels to 
previous reports, while higher than previously reported concentrations of cichoric acid 
were found in E. angustifolia and E. pallida (Barnes et al., 2005; Binns et al., 2002).  
Roots harvested after two and three growing seasons were analyzed by HPLC to 
evaluate the alkamide composition of the roots. In the third year, we evaluated alkamide 
production only because of the emphasis on these metabolites for their immuno-
stimulatory properties.  We did not find any significant difference between metabolic 
profiles of plants from either seed source or production system (data not shown).  
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However, we found some differences in the amount of metabolites produced in Year 2 
and Year 3 (Fig. 4, 5). 
In the lipophilic fraction, 3-yr-old E. angustifolia plants exhibited more 
accumulation of alkamides 8+9 and 11, at UV 260 nm, than in the second year (Fig. 5A, 
5D).  At UV 210nm alkamides 12, 13, 14 were detected and their concentration was 
higher in year three than in year 2.  The rest of the alkamides found were in equivalent 
concentrations both years (Fig. 5A, 5D).  Echinacea purpurea roots showed similar 
profiles both years except for alkamide 3, whose concentration was lower than in Year 2 
(Fig. 5B, 5E).  Similar to E. angustifolia and E. purpurea, E. pallida showed similar 
patterns both years but with higher concentrations of alkamides 8+9 in Year 3.  We were 
not able to detect any ketone at UV 210 nm in E. pallida in both years, but we detected 
peaks at UV 260nm that could be alkamides. There is a reported considerable variation in 
alkamide and cichoric acid content among E. purpurea populations (Qu et al., 2005). 
Also, alkamides increase with root age, where the phenolic compounds decrease with age 
(Binns et al., 2002).  Alkamide 2 has been reported as the major alkamide in E. purpurea 
(Bauer et al., 1988a) and in E. angustifolia (Bauer et al., 1989).  Alkamide 2 production is 
greater than alkamide 1 in E. angustifolia (Bauer et al., 1988b).  The differences in 
chemical composition among the three Echinacea species has been previously shown 
(Sloley et al., 2000). Cichoric acid and verbacoside predominated in extracts of E. 
purpurea roots whereas cynarin and dodeca-2-4E,8Z,10Z/E-tetraenoic acid 
isobutylamide were the major chemicals characteristic of E. angustifolia extracts.  
Echinacoside predominated in E. pallida extracts (Sloley et al., 2000). 
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In conclusion, after three growing seasons, we found a significant increment in 
root production in E. purpurea and E. pallida, but not in E. angustifolia from Years 2 to 
3.  Root production was not affected by either production system or seed source after 
three years of growth in E. angustifolia and E. purpurea. Both seed sources and 
production systems produced satisfactory yields, with increased yield under screened 
cages in two out of three years in E. pallida. Screened cages also had an effect on plant 
establishment in the field, but after the first month, production system and seed source 
had limited effects on plant growth. 
At the end of the third growing season, E. angustifolia yields averaged 1363 
kg·ha-1 in the open field and 1322 kg·ha-1 under screened cages.  Root yields from E. 
purpurea plants grown from organic seeds in screened cages, ranging from 5686 to 5713 
kg·ha-1, were greater than those reported for conventional Echinacea production (Shalaby 
et al., 1997b; Sturdivant and Blakley, 1999).  Root yield of E. pallida from the 
commercial seed source and produced under screened cages ranged from 5141 to 5613 
kg·ha-1. 
Concentrations of key biochemical constituents in second-year roots were similar 
to, or greater than, recommended industry standards for two-year old roots.  Caffeic acid 
derivatives may be more involved in the defense mechanism of the plant than alkamide, 
and thus, plants affected with aster yellows disease showed an increase production of 
caffeic acid derivatives (hydrophilic fractions) compared to alkamide production.  
Production of alkamides 8+9 increased from Year 2 to 3 in E. angustifolia, E. purpurea 
and E. pallida.  The other metabolites were produced in equivalent concentrations in both 
Years 2 and 3. 
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Results presented here represent a limited sample of the variability within 
commercially available seeds and public germplasm, but correspond with a typical 
scenario medicinal herb producers face when deciding on a seed source for their crop. 
Any conclusions on commercial and public seed sources should be viewed as preliminary 
and future studies should include a more thorough sampling of the available variation. In 
areas of certified organic production where the requirement for organic seeds is enforced 
(USDA—AMS, 2006) and aster yellows disease occurs, Echinacea producers may want 
to consider using screened cages.  Based on the seed sources and production systems 
examined here, and on Echinacea yields previously reported, we conclude that 
satisfactory Echinacea root yields, with adequate metabolic profiles for the 
phytopharmaceutical industry, can be obtained under screened cages using organic seeds.  
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Figure 1. Plant growth parameters of (A) E. angustifolia, (B) E. purpurea, and (C) E. 
pallida under two production systems during the 2003, 2004 and 2005 growing seasons. 
Asterisks (*) show significant differences at P values ≤ 0.05. 
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Figure 2. Plant growth parameters of (A) E. angustifolia, (B) E. purpurea, and (C) E. 
pallida from two seed sources during the 2003, 2004 and 2005 growing seasons. 
Asterisks (*) show significant differences at P values ≤ 0.05. 
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Table 1. Main effects and interactions of growth parameters of E. angustifolia, E. 
purpurea and E. pallida under two production systems and from two seed sources during 
the 2003, 2004 and 2005 growing seasons.  
                 
  June July August September 
          
Year 1 (2003) Height Leaves Height Leaves Height Leaves Height Flowers 
                    
          
E. angustifolia         
         
Production System (PS) NSz *** ** NS *** NS ** NS 
          
Seed Source (SS) NS * * NS ** *** NS NS 
          
SS x PS  NS NS NS NS NS NS * NS 
                    
E. purpurea         
          
PS  NS *** ** NS NS ** * *** 
          
SS  NS NS NS NS NS NS * NS 
          
SS x PS  NS ** * NS NS NS NS NS 
          
E. pallida                   
          
PS  NS * *** NS *** * NS NS 
          
SS  NS * NS NS *** * NS NS 
          
SS x PS  NS NS *** ** *** *** * NS 
          
          
Year 2 (2004) May June July August 
     
E. angustifolia Height Flowers Height Flowers Height Flowers Height Flowers 
          
PS  * *** NS NS * NS NS  
          
SS  * NS NS NS NS NS NS  
          
SS x PS  NS NS NS NS NS NS NS  
            
E. purpurea         
          
PS  *** NS *** ** *** NS ***  
          
SS  NS NS NS NS NS NS NS  
          
SS x PS  NS NS NS NS NS NS NS  
          
E. pallida           
         
PS  NS *** *** * *** * ***  
          
SS  NS * *** * *** ** ***  
          
SS x PS  *** NS *** NS *** ** *  
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Year 3 (2005)         
         
E. angustifolia Height Flowers Height Flowers Height Flowers Height Flowers 
          
PS  *** *** NS ** NS NS NS NS 
          
SS  NS NS NS NS NS NS NS NS 
          
SS x PS  NS NS NS NS NS NS NS NS 
          
E. purpurea         
          
PS  *** NS *** NS *** NS *** *** 
          
SS  NS NS NS *** NS NS NS NS 
          
SS x PS  NS NS NS NS NS NS *** NS 
          
E. pallida           
         
PS  * *** *** *** *** NS *** NS 
          
SS  *** ** *** *** *** NS NS *** 
          
SS xPS  *** NS *** *** *** * *** NS 
                   
 
z NS, Nonsignificant at P > 0.05; *, **, *** show statistical significance at 0.05, 0.01, 
and 0.001 probability levels, respectively. 
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Table 2.  First-, second-, and third-year root yield of three species of Echinacea under 
two production systems and from two seed sources. 
  Species 
                    
           
  E. angustifolia E. purpurea E. pallida 
           
Treatment 2003 2004 2005 2003 2004 2005 2003 2004 2005 
                      
           
  ______________________________________kg . ha-1_____________________________________ 
           
Yieldz  485.4 by 1400.4 a 1344.4 a 1308.0 c 3702.0 b 5173.2 a 1072.2 c 3694.2 b 4690.2 a 
           
Production System (PS)          
           
 Cage 473.4 ax 1134.6 a 1322.4 a 1128.6 a 2369.4 b 5713.2 a 834.6 b 3472.2 a 5613.0 a 
           
 Open field 503.4 a 1797.0 a 1362.6 a 1487.4 a 5478.6 a 4557.0 a 1428.6 a 3990.6 a 3459.6 b 
           
 P value NSw NS NS NS <0.0001 NS 0.0135 NS *** 
           
Seed Source (SS)          
           
 
Commercial 
Source  432.6 a 1226.4 a 1542.0 a 1213.2 a 4023.6 a 5686.2 a 1371.0 a 4584.0 a 5140.8 a 
           
 
Public 
Germplasm 531.0 a 1574.4 a 1084.8 a 1440.0 a 3273.0 a 4404.0 a  624.0 b 2508.0 b 4089.6 a 
           
 P value NS NS NS NS NS NS <0.0001 0.0067 NS 
           
Interactions          
 SS x PS NS NS NS NS NS NS NS 0.0398 NS 
                      
z Three plants per plot were harvested on 6 Nov. 2003, on 8 Nov. 2004, and on 28 Oct. 
2005.   
y Root yields were statistically different at a P value of 0.001 in comparing across years 
for each species.   
x Means within each column not followed by the same letter are significantly different at 
P = 0.05 according to Fisher’s test. 
w NS, Nonsignificant at P > 0.05; *, **, *** show statistical significance at 0.05, 0.01, 
and 0.001 probability levels, respectively. 
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Table 3.  Aster yellows disease incidence during the second growing season in three 
species of Echinacea produced under two production systems and from two seed sources. 
          
     
  Species 
        
     
  E. angustifolia E. purpurea E. pallida 
Treatment    
          
     
  __________________Plants affected (%)z________________ 
     
     
Production System (PS)    
     
 Cage 0.4 by  2.9 b 0.4 b 
     
 Open field 8.1 a 16.7 a 8.3 a 
     
 Significance * ** * 
     
     
Seed Source (SS)    
     
 Commercial Source  3.3 a  8.5 a 5.8 a 
     
 Public Germplasm 4.8 a 10.6 a 1.1 a 
     
 Significance NSx NS NS 
     
Interactions    
     
 SS x PS NS NS * 
          
z Percentage of plants showing aster yellows symptoms, based on the original number of 
plants per plot. 
y Means within each column not followed by the same letter are significantly different at 
P = 0.05 according to Fisher’s test. 
x NS, Nonsignificant at P > 0.05; *, **, *** show statistical significance at 0.05, 0.01, 
and 0.001 probability levels, respectively. 
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Table 4. Biochemical analysis of second-year roots of three species of Echinacea.  
              
       
 Phenolic gradient 
             
       
Species and seed source Caftaric acid Chlorogenic acid Caffeic acid Echinacoside Cichoric acid Total 
       
              
       
 __________________________mg·g-1______________________________ 
       
E. angustifolia (JS)z 0.00 0.61 0.00 11.32 1.62 13.55 
       
E. purpurea (JS) 0.56 0.30 0.27 0.30 3.89 5.32 
       
E. pallida (JS) 0.29 0.22 0.16 15.58 2.53 18.78 
       
E. angustifolia (PI)y 0.00 0.38 0.00 26.77 0.99 28.14 
       
E. purpurea (PI) 0.89 0.25 0.29 0.23 3.15 4.81 
       
E. pallida (PI) 0.18 0.32 0.18 11.84 2.54 15.06 
              
z JS = Johnny’s Seeds. E. angustifolia (Ames 28187), E. pallida (Ames 28188), and E. 
purpurea (Ames 28189). 
y PI = Plant Introduction Station. E. angustifolia var. angustifolia (PI 631285), E. 
pallida (PI 631293), and E. purpurea (PI 631307). 
x Cynarin was found in concentrations < 0.01mg·g-1 in all the samples.  
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Figure 3.  HPLC chromatograms showing the phenolic gradient of (A) affected and (B) 
non-affected roots; and the lipophilic gradient of (C) affected and (D) non-affected roots 
of E. purpurea.  These roots were affected by aster yellows disease during the second 
growing season.  Numbers represent alkamides according to Bauer et al. (1988b).  
Horizontal lines across each graph show equivalent levels. 
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Figure 4.   HPLC chromatograms from (A) and (D): E. angustifolia; (B) and (E): E. 
purpurea; and (C) and (F): E. pallida. Roots were harvested after two (A, B and C) and 
three (D, E, and F) years of growth.  Numbers represent caffeic acid derivatives 
according to Bauer et al. (1988b).  Horizontal lines across each graph show equivalent 
levels. 
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Figure 5.   HPLC chromatograms from (A) and (D):  E. angustifolia; (B) and (E): E. 
purpurea; and (C) and (F): E. pallida. Roots were harvested after two (A, B and C) and 
three ((D, E, and F) years of growth.  Numbers represent alkamides according to Bauer et 
al. (1988b):  N-isobutyl undeca-2E, 4Z-diene-8, 10-diynamide (1); N-isobutyl undeca-2Z, 
4E-diene-8, 10-diynamide (2); N-isobutyl dodeca-2E,4Z-diene-8,10-diynamide (3); 
undeca-2E,4Z-diene-8,10-diynoic acid 2-methylbutlamide (4); N-isobutyl dodeca -2E, 
4E, 10E-trien-8-ynamide (5); dodeca-2E,4Z-diene-8,10-diynoic acid 2-methylbutylamide 
(7); N-isobutyl-(2E,4E,8Z,10E)-dodecatetraenamide (8); N-isobutyl-(2E,4E,8Z,10Z)-
dodecatetraenamide (9); N-isobutyl-(2E, 4E, 8Z)-dodecatrienamide (10); N-isobutyl-
(2E,4E)-dodecadienamide (11); E-N-isobutyl undeca-2-ene-8, 10-diynamide (12).  Dash 
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line: UV 210 nm, solid line: 260 nm.  Peaks were identified by a comparison of retention 
times and UV spectra with those of known, synthesized standards (Kraus and Bae, 2003; 
Wu et al., 2004). Three independent biological samples were used for each treatment.  
Horizontal lines across each graph show equivalent levels. 
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CHAPTER 4. PRODUCTION OF BIOACTIVE COMPOUNDS IN HAIRY ROOT 
CULTURES OF THREE SPECIES OF ECHINACEA 
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Abstract  Plant secondary metabolites have extensive applications as pharmaceuticals, 
nutraceuticals and food additives.  Because of difficulties in biosynthesis and in planta 
variation in the levels of bioactive compounds, a uniform high-production system such as 
tissue culture would be invaluable for isolating potentially bioactive compounds.  
Echinacea is one of the best-selling medicinal plants in the U.S.  It was historically 
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harvested from wild populations, but its demand has increased so substantially that 
commercial production has become a viable option.  To establish stable hairy root 
cultures in Echinacea as an enriched source of dietary supplements, hairy roots were 
induced in three species of Echinacea [(E. angustifolia DC., E. purpurea (L.) Moench, 
and E. pallida (Nutt.) Nutt.)] by transformation with Agrobacterium rhizogenes A4 and 
A. tumefaciens containing only the rol ABC genes.  Each Agrobacterium strain had a 
distinct effect on both root growth and production of secondary metabolites.  Hairy root 
cultures induced by wild type A. rhizogenes elongated faster than hairy roots induced by 
A. tumefaciens containing only the rol ABC genes.  Transformed roots exhibited modified 
metabolic profiles of alkamides and produced unknown secondary metabolites.  Our 
results establish the potential of hairy root cultures as a bioreactor system to produce 
natural products with therapeutic activity. 
 
Keywords: Echinacea; Hairy roots; Agrobacterium rhizogenes; Rol ABC genes; 
Alkamides 
 
Abbreviations: PPM: plant preservative mixture;  MS: Murashige and Skoog; LB: Luria-
Bertani; PDA: photodiode array detector; PCR: polymerase chain reaction; HPLC: high-
performance liquid chromatography. 
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Introduction 
 
Echinacea, indigenous to North America, is the most popular medicinal herb grown and 
wild-harvested in the U.S.  Americans spend an estimated $300 million annually on 
preparations of Echinacea.  Echinacea sales make up 10% of the total U.S. market in 
herbal medicine (Islam and Carter 2005).  Extracts from Echinacea are used as 
phytomedicines throughout the world to treat diseases like colds, flu (Letchamo et al. 
2002), toothaches, snake bites, rabies and wound infections (Bauer and Wagner 1991), 
and as an immuno-stimulant and anti-inflammatory compound (Choffe et al. 2000).  The 
demand for this plant has increased in recent years, prompting concern for the loss of 
native populations and potential loss in genetic diversity (Li 1998; Widrlechner and 
Mckeown 2002). 
 The most popular and most widely studied species are E. angustifolia, E. 
purpurea, and E. pallida.  The roots, leaves, flowers, or the whole plant are used in 
dietary supplements.  Chemical constituents of Echinacea species include unusual 
lipophilic metabolites (alkamides and polyacetylenes), water-soluble polysaccharides 
(caffeoyl conjugates, echinacoside, cichoric acid, and caffeic acid), and flavonoids (Bone 
1997; Bauer 1998).  The alkamides, polysaccharides, and cichoric acid are most often 
recognized as having immune-modulating effects (Bauer and Wagner 1991), with 
concentrations of these metabolites varying depending on species and environmental 
conditions (Wu et al. 2004).  In general, roots concentrate higher levels of volatile oils, 
pyrrolizidene alkaloids, and potential immuno-stimulants, such as alkamides, than shoots 
(Bauer 1998; Letchamo et al. 2002; Wu et al. 2004). 
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The extraction of compounds from whole plants is currently the most economical 
method of isolating bioactive secondary metabolites for study, due to the expense and 
complexity of chemical synthesis (Kraus et al. 2003).  To optimize production of targeted 
metabolites, development of a rapid, efficient, and stable production system would be 
invaluable.  Genetic transformation of plants using the natural vector system of 
Agrobacterium rhizogenes, the causative agent of hairy root disease, has emerged as an 
important alternative to intact plants and cell cultures for the production of secondary 
metabolites (Shanks and Morgan 1999; Giri and Narasu 2000; Chaudhuri et al. 2005).  
The effectiveness of hairy root induction depends in part on the plant species (Moyano et 
al. 1999; Dhakulkar et al. 2005).  Hairy root induction frequencies of 32% in Gmelina 
arborea (Dhakulkar et al. 2005), 34% in Datura metel, 80% in Dubosia hybrid, and 98% 
in Nicotiana tabacum were reported (Moyano et al. 1999).  Successful production of 
secondary metabolites has been implemented in hairy root cultures from several crops of 
pharmaceutical importance such as Catharanthus roseus, Artemisia annua, Camptotheca 
acuminate, Panax ginseng, and Papaver somniferum using different wild type strains of 
A. rhizogenes (Tepfer 1984; Rao and Ravishankar 2002). 
Agrobacterium rhizogenes is a biotic elicitor that enhances production of 
secondary metabolites by inducing the production of highly branched roots, designated as 
hairy roots.  Hairy roots are elicited as the result of gene transfer from the Ri plasmid of 
A. rhizogenes into the plant genome (Tepfer 1984; Moyano et al. 1999; Sevon and 
Oksman-Caldentey 2002).  The Ri plasmids are characterized by two separate T-DNA 
segments, TL and TR (Huffman et al. 1984).  The TR region contains loci encoding 
biosynthesis of auxin and opines (Cardelli et al. 1985), which are low-molecular weight 
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compounds synthesized by transformed roots.  Based on the type of opines produced by 
hairy roots, A. rhizogenes strains are classified intro three types: mannopine, agropine, 
and cucumopine producers (Dessaux et al. 1992).  The most effective strains used to 
induce hairy roots belong to the agropine-type, and include the following strains: 15834, 
A4, 1855, and HR1 (Batra et al. 2004).  The TL region contains 18 separate open reading 
frames including several loci called rol (root loci), which are responsible for the hairy 
root morphology (Slightom et al. 1986).  It has been proposed that the rol genes affect 
either the metabolism of plant hormones or the sensitivity of the plant cells to hormones 
such as cytokinin, auxin or gibberellin (Spena et al. 1987; Bonhomme et al. 2000; 
Casanova et al. 2005).  Among the rol genes, rol A, B, and C were found to have a 
synergistic effect on the induction of hairy roots in tobacco, kalanchoe, Atropa 
belladonna (Spena et al. 1987; Bonhomme et al. 2000), and in Catharanthus roseus 
(Hong et al. 2005).  The rol genes also increased production of nicotine in tobacco hairy 
root cultures (Palazón et al. 1997). 
 Hairy roots grow fast, branch easily, can grow in hormone-free medium, and do 
not exhibit geotropism (Shanks and Morgan 1999; Sevon and Oksman-Caldentey 2002; 
Devi and Rani 2002).  Hairy roots are also a valuable source of phytochemicals that are 
useful as pharmaceuticals, cosmetics, and food additives (Hu and Du, 2006).  These roots 
exhibit enhanced production of characteristic secondary metabolites.  Relatively high 
levels of terpenoids were produced in transformed roots of Tripterygium wilfordii 
(Nakano et al. 1998).  Enhanced levels of betalins were produced from hairy root cultures 
of Beta vulgaris (Pavlov et al. 2003).  Hairy roots also induce production of new 
secondary metabolites (Rao and Ravishankar 20002; Sevon and Oksman-Caldentey 
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2002; Sheludko et al. 2002) such as pulchelin E, a member of the sesquiterpene lactone 
group, that is not present in the untransformed Rudbeckia hirta L. plants (Luczkiewicz et 
al. 2002), and scopoletin (7-hydroxy-6-metoxy-2H-1-benzopyron-e-one) and 
dehydrogeijerin (7-methoxy-6-(methyl-1-oxo-2-butenyl)-2H-1-benzopyran-2-one) in 
Ammi majus L. (Staniszewska et al. 2003).  Production of several known alkamides was 
enhanced in transformed callus of E. purpurea (Trypsteen et al. 1991). 
 Based on these results, hairy root cultures of Echinacea may be a valuable 
potential source for constant and standardized production of known and novel alkamides 
known and novel alkamides as well as other bioactive compounds.  The objectives of this 
project were the establishment of stable hairy root cultures mediated by Agrobacterium 
rhizogenes and A. tumefaciens harboring the rol ABC genes in the three most important 
species of Echinacea, and analysis of the biochemical profiles of the hairy root cultures. 
 
Materials and methods 
Seed germination 
 
Seeds of E. angustifolia DC. (PI 631285), E. purpurea (L.) Moench (PI 631307), and E. 
pallida (Nutt.) Nutt. (PI 631293) obtained from the North Central Regional Plant 
Introduction Station (Ames, IA) were surface sterilized.  Seeds were soaked overnight in 
a 250 ml flask containing 10% solution of plant preservative mixture (PPM) (Plant Cell 
Technology Inc., Washington, DC).  The flask was wrapped in foil and placed in dark 
conditions at room temperature (25 °C) for 16 hrs with continuous shaking at 150 rpm.  
Seeds were removed from PPM and were rinsed under running water for 10 min.  Seeds 
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were surface sterilized by immersing them in 70% ethanol for 30 seconds, followed by a 
18 min soak in a commercial bleach solution containing one drop of Tween 20™ (one 
drop of Tween 20™ per 500 ml of bleach solution).  Finally, seeds were rinsed three 
times with sterile deionized water (Coker et al. 2000; Choffe et al. 2000). 
         Seeds of each species were germinated in magenta boxes containing 30 ml of a 
slight modification of the culture medium recommended by Choffe et al. (2000).  The 
medium consisted of one-half-strength MS medium, 1.5 % sucrose, and 2 ml⋅L-1 of PPM.  
The pH of the medium was adjusted to 5.7 by using either NaCl or HCl.  To solidify the 
medium, gelrite gellam gum (Sigma-Aldrich Inc., St. Louis, MO) at 0.3% was used.  
Media was autoclaved for 20 min and dispensed into the magenta boxes.  After the seeds 
were sown, the boxes were sealed with parafilm and placed in the dark for 14 days at 25 
ºC (Choffe et al. 2000 ).  
 
Bacterial strains and culture 
 
Agrobacterium tumefaciens  GV3101 (pPZPROL) contains the construct pPZPROL, 
which contains the rol A, B, C genes that enhance hairy root production (Hong et al. 
2005) and was kindly provided by Dr. Seung-Beom Hong (Rice University, Dept. of 
Biochemistry and Cell Biology).  Agrobacterium rhizogenes wild type A4 (pRiA4) was 
kindly provided by Dr. Robert Thornburg (Iowa State University, Dept. of Biochemistry, 
Biophysics, and Molecular Biology). Strains were grown in solid Luria-Bertani (LB) 
media at 28 °C for 16 h. 
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Inoculation and tissue culture 
 
Inoculation protocol followed the methodology of Trypsteen et al. (1991), where 
etiolated seedlings grown in darkness were used.  Seedling hypocotyls were wounded 
with a sterile needle (six to seven times each).  Seedlings were dipped in a fresh 
Agrobacterium liquid culture for 5 min.  Non-transformed seedlings were wounded with 
a sterile needle and dipped in LB media that had not been inoculated with bacteria.  
Infected and control material was co-cultivated on one-half-strength MS medium, for two 
days under dark conditions.  After two days, infected and control seedlings were 
transferred to fresh medium supplemented with 300 mg⋅L-1 Claforan®, an antibiotic for 
the elimination of bacteria.  Inoculated seedlings were sub-cultured at 4-week intervals 
under a 16h/8h light/dark photoperiod (35 µmol m-2 s-1 irradiance) on one-half-strength 
MS medium, 3% sucrose, and gelrite gellam gum (Sigma-Aldrich Inc., St. Louis, MO) at 
0.3%.  The pH of the medium was adjusted to 5.7 by using either 1N HCl.  The growing 
medium was supplemented with 300 mg⋅L-1 Claforan®. 
Roots developed from the wound sites of the infected explants after 2.5 to 6 
weeks of incubation, depending on the Agrobacterium strain.  These roots were excised 
and cultured in Petri dishes in the dark at 25 °C using the same hormone-free one-half-
strength MS solid medium described previously. This media was selected based on 
preliminary results for optimum growth.  Each excised root was propagated as a separate 
clone and sub-cultured every four weeks.  Growth was measured as root elongation and 
increase in fresh weight for a period of 30 d at 3-day intervals.  Dry weight was not 
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measured as a growth parameter because it would involve the destruction of limited root 
material.  Three replicates were used for each time point. 
 
Hairy root transformation analysis 
 
To confirm transformation events, putative transgenic lines were screened by polymerase 
chain reaction (PCR) for the presence of rol genes (Sevon and Oksman-Caldentey 2002).  
DNA was extracted using a DNeasy® Plant Mini Kit (Qiagen®, Valencia, CA).  PCR was 
performed with primer 5’-ACTATAGCAAACCCCTCCTGC-3’, complementary to the 
3’ coding sequence of the rol B gene. The predicted size of the PCR product was 652 bp.  
For each PCR reaction, 100 ng DNA and 50 pico-mol of each primer were mixed with 5 
µL of 10× Taq DNA polymerase buffer, 1 µL of 50 mM MgCl2, 1.0 µL of dNTP, and 0.3 
µL of Taq DNA polymerase (Promega®, Madison, WI), in a final volume of 50 µL.  
Amplification was performed in a programmed Peltier thermal cycler (PTC-200®, MJ 
Research, San Francisco, CA).  The samples were subjected to an initial denaturation at 
94 °C for 3 min, followed by 35 cycles of 40 s at 94 °C (denaturation), 1 min at 55 °C 
(annealing) and 1 min at 72 °C (extension), with a final extension step at 72 °C for 10 
min. 
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Extraction and HPLC analysis of metabolites from control and hairy roots of Echinacea  
 
Plant material and extraction 
 
Fresh roots of Echinacea were used to make the extracts.  Three independent biological 
samples were used for each determination.  In the case of the control samples, roots from 
non-transformed seedlings were analyzed.  In the case of the hairy root cultures of the 
three species of Echinacea, three independently transformed lines were analyzed.  Each 
plant sample (0.3 g fresh weight per sample) was ground in liquid N2 in a mortar and 
pestle, with the addition of 25µl 7-hydroxyundeca-2E-ene-8,10-diynoic acid (C15H21O2) 
and 3,5-dimethoxy-4-hydroxy-cinnamic acid (C11H12O5) as internal standards for relative 
quantification of lipophilic compounds and polar compounds, respectively (Wu et al. 
2004).  The powder was further ground with 1 ml of 95% ethanol for 2 min, and the 
resultant suspension was transferred to a capped tube; 2 additional ml of 95% ethanol 
were used to rinse the mortar and added to this tube. The tube was vortexed 30 sec, and 
centrifuged 1 min at 12000 × g.  The supernatant (ethanol extract) was filtered through a 
0.22 μm filter (Alltech associates Inc., Deerfield, IL).   
 
HPLC-PDA analysis 
 
Analysis protocol was similar to that described previously (Wu et al. 2004).  Ethanol 
extracts (15μl) were injected into a Beckman Coulter HPLC with a 508 autosampler, 126 
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pump control and 168 UV-photodiode array detector (PDA) controlled by 32karatTM 
software (Version 5.0), and a YMCTM RP C18 (250 x 4.6 mm, 5μm) column (Waters, 
MA).  To separate lipophilic metabolites, a solvent system of acetonitrile/H2O at a flow 
rate of 1.0 ml/min was used, following a linear gradient of 40-80% acetonitrile over 45 
min. To separate hydrophilic metabolites, the solvent system was acetonitrile/(H2O+0.01 
% formic acid), at a flow rate of 1.0 ml/min following a linear gradient of 10-35% 
acetonitrile over 25 min. Online UV spectra were collected from 190-400 nm. Several 
synthesized alkamides were used as standards to identify peaks from the HPLC analyses 
by comparison of retention times and UV spectra (Kraus and Bae 2003; Wu et al. 2004).  
As necessary, mass spectra from GC-MS were also used for peak identification (Wu et al. 
2004). When possible, alkamides were designated according to Bauer’s nomenclature 
(Bauer et al. 1988a; Bauer et al. 1988b), as Bauer’s nomenclature is well known and 
widely accepted in metabolic studies of Echinacea.  
Relative alkamide quantification was performed by measuring peak heights ant taking the 
mean of three replicates.  Increases were calculated in reference to levels of lakamides 
produced in non-transformed samples, designated as 100%.  
 
Statistical analysis 
 
Root length and root fresh weight were measured at 3-day intervals.  Three independent 
biological samples were used for growth measurements and for biochemical analyses. 
Each experiment was replicated twice.  Root fresh weight was measured after 2 and 4 
weeks of culture.  Growth was expressed as increase in fresh weight, which corresponds 
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with the Fresh Growth Index (FGI) used in other research (Jacob and Malpathak, 2005).  
Increase in fresh weight (IFW) was calculated using the following formula: 
IFW = Final fresh weight of biomass – Initial fresh weight of inoculum
Initial fresh weight of inoculum 
Growth parameters were evaluated by using the general linear model procedure of the 
Statistical Analysis System™ (SAS 2001) to identify significant treatment effects.  
Variables were analyzed separately under each species.  Means were compared with 
Fisher’s test for mean separation.  Regression analysis was used to obtain relationships 
between root elongation and fresh weight increases. 
 
Results and discussion. 
Induction of hairy roots in three Echinacea species 
 
Previously, it was reported that E. purpurea could be transformed with A. rhizogenes 
15834 (Trypsteen et al. 1991).  In this study, we investigated if A. rhizogenes A4 could be 
used to transform E. purpurea as well as E pallida and E. angustifolia. Material from all 
three species is routinely used in dietary supplements. To determine if rol ABC genes 
alone would effectively elicit the efficient production of hairy roots as previously 
reported in other species, an A. tumefaciens strain containing rol ABC genes (A. 
tumefaciens (pPZPROL) (Hong et al. 2005) was evaluated. All three Echinacea species 
were readily transformed with both Agrobacterium species (Figure 1), although a faster 
rate of infection (time to see a root induced) was observed with the A4 cultures. 
Echinacea purpurea developed the highest percentage of seedlings with roots, where E. 
109 
angustifolia exhibited the lowest percentage. The number of roots produced from 
transformed cultures after 20 days was not significantly greater than controls but there 
were differences among the species. E. purpurea developed more roots (averaging 4 roots 
per seedling) than the other two species and E. angustifolia developed the fewest roots 
(1.5 roots per seedling). As previously reported with other transformed lines (Giri et al. 
1991; Trypsteen et al. 1991), the rate of growth in infected roots varied by species and 
Agrobacterium strains. 
            Root growth (elongation) in seedlings that had been inoculated was more rapid 
than in control seedlings (Figure 1a and 3).  In newly formed roots, the hairy root 
morphology (highly branched roots) was visible after the roots made contact with air 
(Figure 1b).  If cotyledons were wounded, hairy roots developed from those areas as well 
(Figure 1c).  A high percentage (30%) of transformed roots growing under dark 
conditions showed direct bud regeneration (Figure 1d).  These bud shoots grew into 
independent plants capable of producing roots with higher growth rates compared to the 
control plants.  Regeneration of whole plants from hairy roots has been reported in 
several plant species.  This successful regeneration of transgenic plants depends on the in 
vitro culture conditions, such as addition of specific phytohormones for each particular 
species (Hu and Du, 2006). 
Fast-growing axenic root clones originating from the wounded sites were 
screened to confirm that they were Agrobacterium transformants.  The two 
Agrobacterium strains used in this experiment did not have any selection marker genes.  
Thus, roots that exhibited active growth under dark conditions were selected for PCR and 
Southern blot hybridization with gene-specific probes to detect the presence of rol genes 
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in transformed roots (Sevon and Oksman-Caldentey 2002).  Over the course of the 
experiment, 55 lines were tested.  PCR analysis indicated that 98% of the screened clones 
exhibiting active growth under dark conditions had the rol B gene present, indicating 
transformation by either A. rhizogenes or A. tumefaciens (pPZPROL) (Figure 2a).  
Leaves from shoots regenerated from transformed roots were also analyzed to confirm 
the presence of the rol genes (Figure 2b).  A total of 6 plants were analyzed.  The identity 
of PCR products was confirmed by using Southern blot hybridization with a gene-
specific probe (data not shown). 
 
Hairy root cultures exhibited an increased rate of root growth 
 
To quantify the rate of growth in hairy root cultures, the growth of main roots of several 
root clones transformed by A. rhizogenes and A. tumefaciens containing the pPZPROL 
construct were measured over four weeks.  Based on the rate of growth, three different 
groups were designated: fast-, medium-, and slow-growing (Figure 3).  Roots 
transformed with A. rhizogenes A4 elongated faster than roots transformed with A. 
tumefaciens (pPZPROL) during the 30-day period of evaluation (Figure 3).  Figure 3 
shows results obtained with E. purpurea, but similar growth patterns were observed for 
the other two Echinacea species (data not shown).  The fastest-growing clones from each 
Echinacea species transformed with each strain were identified for future experiments.  
From 2003 to 2006, hairy roots have been growing in solid and liquid culture, exhibiting 
the same growth characteristics as initially shown. 
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In previous research on C. roseus, it was shown that transformed roots exhibited 
two types of morphology, callus-like and hairy root (Bhadra and Shanks, 1995; Batra et 
al. 2004).  Within the hairy root morphology of C. roseus, three separate types of 
morphology could be distinguished: less branched and slow-growing, highly branched 
and moderately-growing, profusely branched and fast-growing (Bhadra and Shanks, 
1995, Batra et al. 2004).  A third type of morphology, thin without branching, was also 
observed (Mallol et al. 2001).  The root morphology developed by hairy root cultures 
induced in the three species of Echinacea depended on the Agrobacterium strain used.  
Agrobacterium rhizogenes A4 induced a thin root morphology with a low degree of 
branching similar to that described for P. ginseng (Mallol et al. 2001).  On the other hand, 
A. tumefaciens (pPZPROL) induced a branched root morphology.  The thin root 
morphology exhibited by the Echinacea hairy root cultures showed a faster root 
elongation compared to those that branched more frequently (Figure 4a).  However, when 
comparing increases in fresh weight between the thin and branched root morphologies, 
induced by A. rhizogenes A4 and A. tumefaciens pPZPROL, respectively, we found that 
the branched morphology accumulated more fresh weight than the thin morphology 
(Figure 4b).  Batra et al. (2004) found that higher degrees of branching in C. roseus were 
subsequently associated with higher rates of growth. 
 Agrobacterium tumefaciens containing the pPZPROL construct was able to 
induce production of hairy roots in Echinacea seedlings, suggesting that rol ABC genes 
are responsible for the production of hairy roots in plants inoculated with A. rhizogenes 
(Spena et al. 1987; Bonhomme et al. 2000; Hong et al. 2005).  This is the first time that 
rol ABC genes added to an Ri plasmid in A. tumefaciens have been used to induce hairy 
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roots in E. angustifolia, E. pallida and E. purpurea.  This study shows that the rol ABC 
genes are sufficient to induce hairy roots in these three species of Echinacea.  Previous 
transformations were accomplished by using a different wild type strain in only E. 
purpurea (Trypsteen et al. 1991). The fact that seedlings inoculated with A. rhizogenes 
A4 started to develop hairy roots sooner than those inoculated with A. tumefaciens 
(pPZPROL) suggests that there are other genes that facilitate production of hairy roots 
present in the A4 line.  Aux genes, for example, located in the TR- DNA of the Ri 
plasmid, enhance root growth by activating the production of auxins (Casanova et al. 
2005).  Depending on the plant species, rol ABC genes activate root formation at different 
frequencies (Spena et al. 1987).  Different plant organs also showed different degrees of 
susceptibility to transformation by both A. rhizogenes A4 and A. tumefaciens (pPZPROL) 
strains (data not shown).  For different species, the proper explant material may vary and 
the age of the material is most critical, with juvenile material being more optimal (Hu and 
Du, 2006).  As previously found with E. purpurea (Trypsteen et al. 1991), we observed 
that hypocotyls were the easiest plant organ to transform for the production of hairy roots 
in E. purpurea, E. angustifolia and E. pallida. 
Regardless of the Agrobacterium strain and Echinacea species used, transformed 
roots grew faster than their control counterparts (Figure 3).  Growth rates varied among 
the independently transformed hairy root lines.  Such variation in growth rates could be 
attributed in part to the insertion site(s) of the T-DNA and/or to the T-DNA copy number, 
as demonstrated in hairy roots of Nicotiana rustica (Furze et al, 1987). 
Clones derived from independent transformation events showed different degrees 
of growth.  A representative response to transformation by A. rhizogenes A4 and A. 
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tumefaciens (pPZPROL) is shown in Figure 4b.  Agrobacterium strains did affect the 
rates of root growth of each species (Figure 4b), which were directly related to the root 
morphology induced by each strain. 
  
Production of novel secondary metabolites 
 
HPLC analysis of the hairy root cultures of the three species of Echinacea transformed 
with either A. rhizogenes A4 or A. tumefaciens (pPZPROL) grown in semi-solid media 
under dark conditions confirmed a different metabolic profile compared to the non-
transformed roots.  As an example, we compared the lipophilic metabolic profile of E. 
angustifolia hairy roots transformed with A. rhizogenes A4 to the profile of control in 
vitro roots and field-grown roots (Figure 5).  We found that production of some lipophilic 
and non-lipophilic metabolites was increased, whereas the production of others was 
decreased.  We also found production of unknown metabolites from the lipophilic group 
(Figure 5b). The retention time of this group of new metabolites was between 35 and 39 
min, close to the region were alkamide 11 (N-isobutyl-(2E, 4E)-dodecadienamide) was 
found.  Alkamides 11 and 1 (N-isobutyl undeca-2E,4Z-diene-8,10-diynamide) were 
found only in non-transformed roots (Figure 5).  The new metabolites observed in Figure 
5b were produced in similar concentrations as alkamides 12 (E-N-isobutyl undeca-2-ene-
8, 10-diynamide) and 3 (N-isobutyl dodeca-2E,4Z-diene-8,10-diynamide).  The 
production of alkamides 12 and 3 was higher in hairy roots than in the control roots 
(Figure 7a).  Alkamide 14 (E-N-isobutyl dodeca -2-ene-8, 10-diynamide) was present in 
hairy root cultures of E. angustifolia but it was not present in non-transformed roots 
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(Figure 7a).   Alkamides 8 (N-isobutyl-(2E,4E,8Z,10E)-dodecatetraenamide) and 9 (N-
isobutyl-(2E,4E,8Z,10Z)-dodecatetraenamide) are major compounds in E. purpurea and 
E. angustifolia (Bergeron et al. 2000); however, in the chromatograph shown in Figure 5b 
and figure 7a, the hairy root production of these two alkamides was lower than the non-
transformed roots.  Hairy roots of Echinacea purpurea also showed increased production 
of alkamides 1, 2, 3, 4, 5, 7, 8, 9, 10, and 11 compared to non-transformed roots of the 
same species (Figure 7b).  A decrease in the production of these two alkamides (8 and 9) 
was also observed in roots of E. purpurea plants infected by cucumber mosaic 
cucumovirus (CMV) (Hudaib et al. 2002). 
Our results vary with those described previously for whole plants (Wu et al. 2004; 
Trypsteen et al. 1991), and for hairy roots (Bourgaud et al. 2001) where the metabolic 
profile of transformed plants was similar to that of non-transformed plants.  An increase 
in the production of known secondary metabolites of A. rhizogenes-derived hairy root 
cultures of E. purpurea relative to non-transformed controls has been reported (Trypsteen 
et al. 1991). Therefore, A. rhizogenes and specifically rol ABC genes not only induced the 
production of hairy roots in Echinacea species, but also affected the production of 
alkamides.  In our study, the presence of new alkamides in transformed roots was 
observed.   
Alkamide production was affected by the Agrobacterium strain used to induce 
hairy roots cultures.  We found that hairy roots induced by A. rhizogenes A4 (Figure 5d) 
produced lower amounts of alkamides compared to hairy roots induced by A. tumefaciens 
pPZPROL (Figure 5e).  Similar results were found for all Echinacea species evaluated.  
We also found differences in the production of alkamides between shoots and roots in 
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transformed and non-transformed plants (Figure 6).  Leaves and roots of transformed 
plants exhibited greater production of alkamides.  Leaves (Figure 6a) and roots (Figure 
6b) of non-transformed plants exhibited less production of alkamides compared with 
leaves (Figure 6c) and roots (Figure 6d) of the transformed plants.  Results were 
consistent for all species evaluated (data not shown). 
 
Conclusions 
 
These results demonstrate the establishment of stable hairy root cultures with enhanced 
rates of growth for three species of Echinacea and the production of secondary 
metabolites distinct from those of non-transformed and transformed roots, including the 
accumulation of novel compounds. Under the growth conditions utilized here, stable, 
vigorous cultures have been observed in vitro for up to three years.  Despite species 
differences in transformation efficiency, rol ABC genes introduced by A. rhizogenes A4 
and A. tumefaciens (pPZPROL) were associated with root growth enhancement in all 
three species.  The Agrobacterium strain used to induce hairy roots influenced the root 
morphology exhibited by the hairy root cultures.  Root growth patterns, however, were 
not affected by the Agrobacterium strain, and were specific to each Echinacea species.   
        Based on these results, hairy root cultures of Echinacea can be considered as a 
dependable source for the production of known and novel bioactive alkamides. The stable 
growth of transformed roots and the presence of a wide spectrum of potentially important 
secondary plant metabolites demonstrate that the generation of bioactive compounds in 
hairy root cultures of Echinacea has great potential as a standardized production system. 
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After identification of optimum growth conditions and enhanced levels of specific 
compounds, scaled-up production schemes (Souret et al. 2003; Suresh et al. 2005) may be 
easily designed for the efficient ‘bio-pharming’ of valuable root metabolites.  
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Fig. 1  Echinacea seedlings and hairy root cultures after inoculation with Agrobacterium.  
a) (L) Transformed E. purpurea seedlings showing root growth 60 days after inoculation 
with A. rhizogenes A4 and (R) non-transformed roots .  b) Hairy root cultures established 
in a solid half-strength MS medium exhibiting hairy root morphology at the tip of the 
root (arrowhead) when in contact with air. c) Hairy root induction from cotyledon 
explants of E. purpurea.  d) Hairy root cultures grown on solid media in the dark 
exhibiting direct bud regeneration.  These buds grew into shoots that eventually become 
independent plants producing fast-growing transgenic roots.  
 
     1          2           3          4         5          6          7        8           9 
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Fig. 2 PCR analysis of putative transgenic lines of Echinacea.  a) Agarose gel 
electrophoresis of PCR-amplified products from genomic DNA of hairy root cultures of 
E. angustifolia, E. pallida and E. purpurea. PCR was performed with rolB primers.  
Lanes: 1, 3-7 independent-transformations; 2 and 8 non-transformed; 9, transformation 
with A. rhizogenes A4.  Arrowhead indicates 652 bp, expected size of rolB gene.  b) 
Agarose gel electrophoresis of PCR-amplified products from genomic DNA of plants 
regenerated from hairy root cultures of E. purpurea and E. pallida.  PCR was performed 
with rolB primers.  Lanes: 1, marker; 2, E. pallida plants transformed by A. tumefaciens 
(pPZPROL); 3, E. purpurea plant transformed with A. rhizogenes A4; 4, plasmid isolated 
from A. rhizogenes A4; 5, non-transformed plants.  Arrowhead indicates 1652 bp, 
expected size of rolB gene.  The identities of the rolB PCR products were confirmed by 
using Southern blot hybridization with gene-specific probes (data not shown). 
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Fig. 3 Growth of hairy root cultures derived from Echinacea purpurea roots transformed 
with a) A. tumefaciens containing the construct pPZPROL, and b) A. rhizogenes A4.  
Root tips (~5 to 6 cm long) from independent transformation events were transferred to 
fresh media and kept in the dark at 25 °C during the experiment.  Root elongation among 
root clones was recorded at 3-day intervals for 30 days and expressed as linear growth 
rate (millimeters per day) and total root elongation (centimeters).  Numbers in legend 
represent clonal lines of E. purpurea root cultures.  Lines bracketed by F, M, S represent 
hairy root cultures derived from independent-transformation events: F = fast-; M = 
medium-; S = slow-growth rates; and C = control roots.  Results represent means of two 
experiments with 3 replicates each.  Bars represent standard errors of the means. 
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Fig. 4 a) Root elongation of hairy root cultures derived from hairy root lines induced by 
A. rhizogenes A4 in three species of Echinacea.  b) Fresh weight (mg per flask) exhibited 
by hairy root lines induced by A. rhizogenes A4 and A. tumefaciens (pPZPROL) in E. 
purpurea and E. pallida.  E. angustifolia exhibited a similar growth pattern as E. pallida 
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(data not shown).  Hairy roots were grown in the dark at 25 °C in solid half-strength MS 
media.  Root elongation for each root clone was recorded at 3-day intervals for 30 days, 
and fresh weight was obtained every 5 days for 30 days.  Results represent means of two 
experiments with 3 replicates each.  Bars represent standard errors of the means. 
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Fig. 5 Lipophilic constituents in hairy root cultures.  HPLC-PDA chromatograms 
showing lipophilic metabolic profiles obtained from 95% ethanolic extracts of Echinacea 
angustifolia hairy root cultures grown in the dark; a) non-transformed, b) transformed; 
and c) 6-month field-grown roots (from Romero et al., 2006); d) Metabolic profiles of 
Echinacea purpurea hairy root cultures induced by Agrobacterium rhizogenes A4 and e) 
A. tumefaciens pPZPROL.  ?? = unknown compounds.  Numbers represent the alkamides 
according to Bauer et al. (Bauer et al. 1988a; Bauer et al. 1988b).  N-isobutyl undeca-2E, 
4Z-diene-8, 10-diynamide (1); N-isobutyl undeca-2Z, 4E-diene-8, 10-diynamide (2); N-
isobutyl dodeca-2E,4Z-diene-8,10-diynamide (3); undeca-2E,4Z-diene-8,10-diynoic acid 
2-methylbutlamide (4); N-isobutyl dodeca -2E, 4E, 10E-trien-8-ynamide (5); dodeca-
2E,4Z-diene-8,10-diynoic acid 2-methylbutylamide (7); N-isobutyl-(2E,4E,8Z,10E)-
dodecatetraenamide (8); N-isobutyl-(2E,4E,8Z,10Z)-dodecatetraenamide (9); N-isobutyl-
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(2E,4E)-dodecadienamide (11); E-N-isobutyl undeca-2-ene-8, 10-diynamide (12); and E-
N-isobutyl dodeca -2-ene-8, 10-diynamide (14). Two different lines of transformed plants 
were analyzed independently with similar results. Blue line: UV 210 nm, Black line: UV 
260 nm. Peaks were identified by comparing retention times and UV spectra with those 
of known, synthesized standards (Wu et al. 2004; Kraus and Bae 2003). Each plant 
sample consisted of 0.3 g of fresh weight. Three independent biological samples were 
used for each root type.  
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Fig. 6 Metabolic profiles of non-transformed a) leaves and b) roots, and transformed c) 
leaves and d) roots of Echinacea purpurea induced by A. rhizogenes A4, and grown in 
liquid half-strength MS medium supplemented with 3% sucrose and 300 mg·L-1 of 
Claforan®. Alkamides were identified according to Bauer et al. (Bauer et al. 1988a; Bauer 
et al. 1988b).  Horizontal lines across each graph show equivalent levels. 
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Fig. 7  Relative quantification of alkamides in hairy roots induced Agrobacterium 
rhizogenes A4 in a) Echinacea angustifolia and b) E. purpurea induced by A. rhizogenes 
A4.  Roots were grown in solid half-strength MS medium supplemented with 3% sucrose 
and 300 mg·L-1 of Claforan®. Alkamides were identified according to Bauer et al. (Bauer 
et al. 1988a; Bauer et al. 1988b). 
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Abstract 
Hairy root cultures of Echinacea, one of the most important medicinal plants in the U.S., 
may represent an alternative to field cultivation for the production of secondary 
metabolites.  Implementation of precise strategies for enhanced production of key 
secondary metabolites is sometimes hindered by a rapid or complete turnover of these 
same compounds.  We conducted a series of experiments to optimize the growth of 
Echinacea hairy root cultures induced by Agrobacterium rhizogenes and A. tumefaciens 
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(pPZPROL) by varying the types of growing media, sucrose concentrations and light 
conditions.  We also evaluated the effect of plant growth regulators and chemical elicitors 
on the growth of hairy root cultures and on the production of alkamides.  We found that 
hairy root cultures induced by A. tumefaciens (pPZPROL) produced more biomass in a 
liquid medium than did cultures induced by A. rhizogenes A4.  We also found that 
Echinacea hairy root production was enhanced in one-half-strength Gamborg’s B5 
medium when cultured in darkness.  When IBA was added to the growing medium, hairy 
root growth rate was increased 14-fold over hairy roots growing in hormone-free 
medium.  However, at IBA concentrations greater than 1 mg·L-1, the root morphology 
changed from hairy root to callus-like, which is not preferred in bioreactor systems.  
Alkamides, one of the most important classes of bioactive compounds produced by 
Echinacea roots, were affected by the Agrobacterium strain used to induce the hairy root 
cultures, in that cultures induced by A. tumefaciens (pPZPROL) produced a higher 
concentration of alkamides than did those induced by A. rhizogenes A4.  Alkamide 
production was not affected by either medium type or plant growth regulators in the 
growing medium.  Hairy root growth was not affected by the addition of jasmonic acid 
(JA), but alkamide production was increased.  We also found that salicylic acid had some 
effect on alkamide production but only at relatively high concentrations.  We were able to 
optimize the production of Echinacea hairy root cultures by using liquid one-half-strength 
Gamborg’s B5 medium supplemented with up to 1 mg·L-1 IBA, 3% sucrose, and 40 µM 
of JA.  
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 1. Introduction 
Plant secondary metabolites play a key role in the adaptation of plants to their 
environment, but also represent an important source of drugs, nutraceuticals and food 
additives.  According to Kraus and Bae (2003), the extraction of compounds from whole 
plants is the most economical method of isolating bioactive secondary metabolites, due to 
their limited availability and complexity for chemical synthesis.  Bioactive compounds 
have traditionally been extracted from field-grown and wild Echincea, but root harvesting 
from wild populations has been discouraged for conservation purposes (Widrlechner and 
McKeown, 2002). There has been increasing interest in developing alternative methods 
of in vitro production of medicinal plants, such as hairy root cultures from several 
important species (Guillon et al., 2006; Savitha et al., 2006).  Hairy roots, which are 
obtained by the genetic transformation of plant tissue by the pathogenic soil bacterium, 
Agrobacterium rhizogenes, provide a promising alternative for secondary metabolite 
production.  One of the unique characteristics of hairy roots is their enhanced, stable 
production of secondary metabolites, providing a continuous source of bioactive 
compounds from actively growing hairy roots (Bourgaud et al., 2001). 
Recent developments indicate that hairy root culture technology for the 
production of phytopharmaceuticals has moved from small-scale laboratory settings to 
large-scale industrial production (Guillon et al., 2006).  Improvements in this technology 
have been accomplished by selecting the most productive cultures, modifying the nutrient 
composition of the medium (Bourgaud et al., 2001), or applying elicitors (Rijhwani and 
Shanks, 1998).  Elicitors are compounds of biological or non-biological origin which, 
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upon contact with the cultures, trigger the increased production of secondary products 
(Dornenburg and Knorr, 1995; Sin et al., 1994).  
Because media specifically formulated for hairy root cultures are not 
commercially available, the most commonly used media are Murashige and Skoog (MS) 
and Gamborg’s B5 meidia (Jacob and Malpathak, 2005).  Both media are composed of 
macro- and micro-nutrients, vitamins and sucrose.  Optimization of culture medium is an 
important and indispensable step for plant tissue culture systems (Sung and Huang, 
2000).  The carbon source used in large-scale plant tissue culture usually dominates raw 
material costs (Yu et al., 1996), with sucrose being the most common carbon source.  
Sucrose concentration can affect hairy root growth from many perspectives: as a 
metabolic substrate, in its physical role as an osmotically active solute, as a modulator of 
gene expression (Lourenço et al., 2002), and as a signal molecule (Weathers et al., 2004).  
Sucrose can also affect the production rate and yield of secondary metabolites (Yu et al., 
1996).  In Artemisia annua, increasing sugar concentrations increased terpenoid 
metabolism (Weathers et al., 2004).  Sucrose requirements vary from crop to crop.  For 
optimal growth, Solanum aviculare required sucrose concentrations of 6% (Yu et al., 
1996); Centurea calcitrapa required 4-6% (Lourenço et al., 2002); Datura candida × D. 
aurea required 5% (Nussbaumer et al., 1998); and Stizolobium hassjoo required 4% 
sucrose (Sung and Huang, 2000). 
 In the same way that sucrose affects growth and production of secondary 
metabolites, there are other factors that must also be considered in the optimization of 
growing conditions for hairy root cultures.  The alteration of nutrient levels, light, and 
temperature may also be effective in increasing production of biomass and secondary 
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metabolites (Bhadra et al., 1998; Bourgaud et al., 2001; Dornenburg and Knorr, 1995).  
Hairy roots rely on oxygen for energy generation and other metabolic functions; and 
oxygen supply may also directly influence the growth and production of secondary 
metabolites (Shaoxiong et al., 1997; Shiao and Doran, 2000). 
The effects of light and temperature have not been extensively studied in hairy 
root cultures.  However, the effects of light and temperature have been evaluated for their 
roles in the accumulation of cell biomass and production of secondary metabolites for 
other types of in vitro plant cultures (Bourgaud et al., 2001; Liu et al., 2002a).  The 
positive effect of light on the production of secondary metabolites, such as flavonoids 
(Krewzaler and Hahlbrock, 1973), anthocyanins (Zhong et al., 1991), betalins (Shin et al., 
2004), artemisinin (Liu et al., 2002a) and ginsenoside (Yu et al., 2005), as well as the 
negative effect on nicotine and shikonin production in Lithospermum cell cultures 
(Tabata et al., 1974), have all been documented. 
  Plant growth regulators have been widely used to increase growth and production 
of secondary metabolites in plant cultures (Luczkiewicz and Kokotkiewicz, 2005; 
Washida et al., 2004; Yu et al., 2002).  Optimization of hormone concentrations and 
combinations has been used to increase biomass (Dornenburg and Knorr, 1995), and 
auxins have been shown to increase root growth rate significantly (Uozumi, 2004; 
Washida et al., 2004).   The addition of auxins to media has been shown to stimulate the 
emergence of root apical meristems, thus increasing growth rates of hairy roots of 
Armoracia rusticana (Uozumi, 2004).  Of several auxins tested in Echinacea purpurea to 
induce root organogenesis, indole butyric acid (IBA) was the most effective (Kristen et 
al., 2000).  Auxins also affected the number and lateral branching of roots in a Panax 
139 
hybrid (Washida et al., 2004), and reduced shoot formation from transformed roots in 
Taraxacum platycarpum (Lee et al., 2004).  Roots generally respond to external auxins 
by increasing lateral root formation and reducing root elongation (Liu et al., 2002b).  In 
Pueraria lobata hairy root cultures, IBA stimulated lateral root number and inhibited or 
had no effect on root elongation (Liu et al., 2002b).  Higher concentrations of IAA and 
IBA did not inhibit or stimulate lateral root number; however, NAA inhibited lateral root 
formation in hairy root cultures of P. lobata (Liu et al., 2002b).   
In various experiments, ethephon has been shown to stimulate the production of 
secondary metabolites (Cho et al., 1988).  However, in Rubia cordiflora, ethephon did 
not have any effect on the production of secondary metabolites (Bulgakov et al., 2002). 
Jasmonic acid and its methyl ester, methyl jasmonate (MJ), are widely distributed 
regulatory signal molecules derived from linolenic acid in plants (Vick and Zimmermarn, 
1984).  Both JA and MJ are known to be involved in plant defense response by altering 
gene expression (Zid and Orihara, 2005) and have been used as elicitors and as signal 
molecules. Jasmonic acid has been shown to increase production of secondary 
metabolites in at least 37 species (Gundlach et al., 1992).  Jasmonic acid and its 
derivatives have been shown to play an integral role in the cascade of events that occur in 
the elicitation process leading to activation of genes coding for secondary metabolism 
(Gundlach et al., 1992).  MJ can increase the quantity and variability of phytochemicals 
by simulating the effect of wounding or fungal infection (Binns et al., 2001). 
Increased production of alkaloids (Aerts et al., 1996; Zabetakis et al., 1999), taxol 
(Verpoorte et al., 1999), and some alkamides and ketoalkene/ynes in E. pallida seedlings 
(Binns et al., 2001) have been reported with JA and MJ treatments.  Maximum 
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accumulation of diacetylenes in E. pallida was reached 72-96 h after treatment with MJ 
(Stojakowska et al., 2002).  Neither MJ nor salicylic acid (SA) stimulated exudation of 
secondary metabolites from Tanacetum parthenemium hairy roots in growing media 
(Stojakowska et al., 2002).  Oxalis tuberosa root cultures treated with elicitors, such as 
SA and JA, exhibited a decrease in biomass compared to an untreated control (Bais et al., 
2003).  Biomass accumulation was also suppressed with an increase in concentration of 
MJ in Panax ginseng and Beta vulgaris (Yu et al., 2002; Suresh et al., 2004).  Salicylic 
acid had a detrimental effect on root growth and root morphology of transformed roots of 
T. parthenemium; roots treated with SA were necrotic and exhibited less lateral branching 
with less accumulation of some specific diacetylenes. Methyl jasmonate added to the 
media of the same cultures at day 10 did not affect root growth; however, MJ increased 
production of diacetylenes (Stojakowska et al., 2002).   
Currently established plant culture systems are based on flask culture or small-
scale bioreactors.  More information is needed for scaled-up commercial production of 
hairy root cultures for each species of interest (Hu and Du, 2006).  In order to optimize 
the growth of Echinacea hairy root cultures, we evaluated inoculum size, medium type, 
sucrose concentration, plant growth regulators, chemical elicitors, and light for their 
effect on hairy root growth and morphology.  We also evaluated the effects of these 
factors on alkamide production. 
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2. Results and discussion 
 
Hairy root cultures of the three Echinacea species used in this series of experiments were 
confirmed by PCR (data not shown) to verify successful transformation.  After 
confirmation, experiments to optimize the growing condition commenced.   
 
2.1 Amount of initial hairy root culture (inoculum)  
 
We did not find any significant difference in total hairy root production (P > 0.05) among 
the initial amounts of inoculum tested (<100, 150-200, 250-350, and > 400 mg of root 
fresh weight) at two and four weeks of growth (data not shown).  From these results, we 
used ≈100 mg fresh weight of starting root material for each further experiment.  Similar 
results were observed for all three Echinacea species tested (data not shown).  In Atropa 
belladonna 100 mg of initial inoculum was adequate for hairy root cultures in liquid 
media (Bonhomme et al., 2000), whereas in C. roseus, 50 mg were sufficient (Rijhwani 
and Shanks 1998). 
 
2.2 Growing medium optimization 
 
Initially, hairy root cultures were maintained in a hormone-free, solid one-half-strength 
MS medium (2.5 g⋅L-1 of gelrite gellam gum) and 3% sucrose supplemented with 300 
mg⋅L-1 Claforan® at 25 °C.  This medium was used in either liquid or solid form to study 
the effect of this difference on hairy root growth.  Among the Echinacea species studied 
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and the Agrobacterium strains used to induce hairy roots, we found that hairy root 
cultures produced greater biomass in liquid medium compared to solid medium (Fig. 1a).  
On average, we found a significant difference (P = 0.01) of 15% increase in biomass 
between liquid and solid media after two weeks of growth.  In the liquid medium, hairy 
roots continued exhibiting the same root morphology as shown in the solid medium (data 
not shown). 
Based on these results, the liquid medium was used for the remaining 
experiments.  Similar results were found previously in evaluating solid and liquid 
growing media for C. roseus (Hong et al., 2005).  Shake flasks can be an effective device 
for gas-liquid mass transfer (Shaoxiong et al., 1997).  In other experiments, hairy roots of 
Centaurea calcitrapa growing in the liquid medium showed a highly branched growth, 
characteristic of hairy roots after 2 weeks of culture (Lourenço et al., 2002).  Tylophora 
indica transformed with A. rhizogenes A4 showed a more rapid growth and higher 
branching on liquid medium than when cultured on solid medium (Chaudhuri et al., 
2005).  Hairy roots growing in liquid medium in shake flasks may enhance root growth 
due to increased oxygen transfer generated by the constant shaking, even though oxygen 
is limited in liquid medium (Shaoxiong et al., 1997; Shiao and Doran, 2000). 
Regarding alkamide production in hairy roots growing in either the liquid or solid 
medium, we found no significant differences in alkamide profiles for any of the three 
Echinacea species studied (data not shown).  Therefore, the liquid medium enhanced root 
growth but did not alter alkamide production. 
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2.3. Growth of hairy root cultures induced by different Agrobacterium strains in liquid 
media 
 
After analyzing results from the liquid versus solid media, we found a significant 
interaction (P = 0.01) between the state of the growing medium (solid or liquid) and the 
Agrobacterium strain used to induce hairy roots.  When hairy roots were grown in solid 
media, hairy roots induced by both Agrobacterium strains grew at the same rate (Fig. 1b).  
However, when hairy roots induced by the different Agrobacterium strains were grown in 
liquid media, we found that hairy roots induced by A. tumefaciens (pPZPROL) grew 
faster, in terms of increase in fresh weight, than those induced by A. rhizogenes A4 (P = 
0.0028) (Fig. 1b).  Hairy roots induced by A. tumefaciens (pPZPROL) gained ≈71% of 
their original weight in two weeks, whereas hairy roots induced by A. rhizogenes A4 
increased only 26% during the same period (Fig. 1b).  This pattern was similar for all 
species evaluated (data not shown).  As mentioned previously, hairy roots conserved their 
original morphology throughout the experiment.  These results resemble those found by 
Hong et al. (2005) where C. roseus hairy root cultures induced by A. tumefaciens 
(pPZPROL) displayed good adaptability to liquid culture. 
 
2.4. Effect of sucrose concentration in the growing medium 
 
We initially used 3% sucrose in the growing medium based on previous reports (Bhadra 
and Shanks, 1995).  However, we did evaluate different sucrose concentrations to 
determine an appropriate concentration to maximize growth in Echinacea hairy root 
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cultures and found a significant difference in growth rates (P = 0.026) between media 
with 3% sucrose and the other concentrations evaluated (Fig. 2a).  Over the five 
concentrations tested, 3% sucrose was associated with optimal hairy root growth, 
confirming our preliminary approach.  Growth differences among the other sucrose 
concentrations evaluated were not significant (P > 0.05) (Fig. 2a).  These results were 
consistent for all three Echinacea species induced by both Agrobacterium strains (data 
not shown). In contrast, optimal growth was obtained in media containing 4 to 7% 
sucrose in Centaurea calcitrapa (Lourenço et al., 2002), and in Solanum aviculare 6% 
sucrose in the medium provided both optimal root growth and maximal alkaloid 
production (Yu et al., 1996). 
We found that the sucrose concentration not only affected root growth, but also 
alkamide production.  When hairy roots were growing in a medium with 1% sucrose (Fig.  
2b), the production of alkamides was relatively low compared to those produced by hairy 
roots growing in a medium containing 3% sucrose (Fig. 2c).  However, when hairy roots 
were growing in medium containing more than 3% sucrose (Fig. 2d), the production of 
alkamides did not increase proportionally.  Our results for levels between 1 and 3% 
sucrose are consistent with those found in previous research where increasing sucrose 
concentration increased not only root growth but also the production of specific 
metabolites, such as for in vitro proteolytic enzyme production in C. calcitrapa 
(Lourenço et al., 2002), alkaloid production in S. aviculare (Yu et al., 1996), and 
terpenoid metabolism in A. annua (Weathers et al., 2004). 
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2.5. Effect of the type of growing medium on hairy root cultures 
 
To evaluate whether the basic composition of the medium had any effect on growth of 
Echinacea hairy root cultures, we evaluated two of the most common growing media for 
tissue culture, Gamborg’s B5 and MS (Jacob and Malpathak, 2005).  In evaluating liquid 
and solid media at different concentrations, we used a sucrose concentration of 3%, based 
on the results of the previous experiment.  In this experiment, we found that the choice of 
Gamborg’s B5 versus MS medium had a significant effect on growth of Echinacea hairy 
root cultures (P < 0.0001).  We found that hairy roots growing in one-half-strength 
Gamborg’s B5 medium produced more biomass than did cultures growing in the other 
media types (Fig. 3).  In two weeks, hairy roots in the Gamborg’s B5 medium increased 
≈84% of their original mass, compared with only 38% in one-half-strength MS medium.  
Results were similar for the three species of Echinacea evaluated (data not shown). 
Similar results were previously reported, where diluting growing medium yielded 
more root growth (Sung and Huang, 2000).  However, there are also reports where no 
beneficial effects on root growth or production of secondary metabolites were observed 
when Gamborg’s B5 media was used at different strengths (Azlan et al., 2002).  In our 
experiments, we also found that alkamide production was not affected by the type and 
strength of medium used (data not shown).  Similar to the liquid medium, one-half-
strength Gamborg’s B5 medium enhanced root growth but did not affect alkamide 
production in Echinacea hairy root cultures.  Hairy root cultures of Datura candida × D. 
aurea produced greater biomass in one-half-strength Gamborg’s B5 medium than in MS 
medium (Nussbaumer et al., 1998). In S. khasianum, it was found that MS medium 
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increased growth, while Gamborg’s B5 increased production of secondary metabolites 
(Jacob and Malpathak, 2005).  These results reported for S. khasianum are contrary to 
what we observed, where B5 affected growth but not secondary metabolite production, 
thus supporting the importance of optimizing growing medium conditions for each 
species cultured. 
 
2.6. Effect of light on hairy root growth 
 
When hairy root cultures growing in liquid and solid media were placed under dark or 
light conditions to evaluate the effect of light on overall growth and the production of 
alkamides, we found a significant increase in growth in liquid versus solid media (P < 
0.05).  However, we also found a significant interaction between light conditions and 
growing medium state (solid or liquid) (P < 0.001) (Fig. 4).  Similar results were 
observed for the three Echinacea species (data not shown).  We found that hairy roots 
growing in the liquid medium produced more biomass under dark conditions than when 
grown in the light (Fig. 4).  Hairy roots growing under dark conditions and in the liquid 
medium exhibited an 83% increase in fresh weight in two weeks, whereas the same hairy 
roots growing in liquid media but in the light increased by only 13% in the same period 
(Fig. 4).  In contrast, hairy roots growing in the solid medium were more productive in 
light compared to dark conditions (Fig. 4).  However, the increase in fresh weight was 
only 47%, which was lower than growth exhibited by hairy roots growing in the liquid 
medium under dark conditions.  Hairy roots growing in solid media under dark conditions 
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increased 30% over their original weight in two weeks (Fig. 4).  Panax ginseng hairy 
roots were also shown to accumulate more biomass in the dark (Yu et al., 2005). 
According to Coker and Camper (2000), the production of anthocyanins indicates 
active secondary metabolism, a prerequisite for application of in vitro technology to the 
production of medicinally important plants.  In our study, roots growing in solid media 
under lights showed a change in their pigmentation from white to red, indicative of 
anthocyanin production (Fig. 5a).  This change in pigmentation was not exhibited by 
roots growing in liquid media under the same light conditions (Fig. 5b). 
We also found that the metabolic profiles of the hairy root cultures were also 
affected by light (Fig. 6).  We found that hairy roots that had been growing under light 
conditions after 4 weeks produced less alkamides (Fig. 6a) than did those held in the dark 
for the same period (Fig. 6b), despite a change in pigmentation in the same roots (Fig. 
5a). In Artemisia annua, hairy roots growing under light accumulated more artemisinin 
than did those growing in darkness (Liu et al., 2002a; Weathers et al., 2004).  In Physalis 
minima, hairy roots growing under dark conditions accumulated more physalins than did 
those cultured with light (Azlan et al., 2002).  In our study, under dark conditions, 
unidentified peaks 1, 3, and 4 from our profile increased, while peak 2 decreased.  The 
remainder of the unidentified peaks were the same for hairy roots in light versus dark 
conditions (Fig. 6a and 6b). 
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2.7. Effect of plant growth regulators on hairy root growth 
 
In testing the effect of three auxins on enhancement of hairy root growth, we found no 
significant difference in growth rates (P = 0.914) among the hairy root cultures treated 
with the auxins for the three Echinacea species (data not shown).  Therefore, we selected 
IBA for the remainder of the experiments on hairy root culture optimization.  Previously, 
we had found that hairy roots induced by A. tumefaciens (pPZPROL) produced more 
biomass in liquid media than did the A. rhizogenes wild type (Fig. 4), both conserving the 
original hairy root morphology.  However, we found that when using plant growth 
regulators in growing media, hairy roots induced by A. rhizogenes A4 responded by 
growing more rapidly than did those induced by A. tumefaciens (pPZPROL) (Fig. 7).  
When plant growth regulators were added to the medium, we found that hairy roots 
induced by A. rhizogenes A4, which exhibited a thin root morphology without branching 
when growing in either liquid or solid medium, changed their root morphology to a more 
branched type than did hairy roots induced by A. tumefaciens (pPZPROL).   
In the absence of IBA, hairy roots induced by A. tumefaciens (pPZPROL) 
produced more biomass (Fig. 8).  As the IBA concentration was increased in the growing 
medium, hairy root cultures induced by both Agrobacterium strains also increased in 
fresh weight (Fig. 8).  Growth increases between hairy roots induced by the two 
Agrobacterium strains were significantly different (P < 0.0001) at all IBA concentrations 
evaluated.  The difference in response to IBA in hairy roots induced by the two 
Agrobacterium strains increased proportionally as the IBA concentration increased in the 
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growing medium (Fig. 8).  The increase in fresh weight obtained by hairy roots induced 
by A. rhizogenes A4 when  
2.5 mg·L-1 IBA was added to the medium was 13-fold in two weeks compared to a 4-fold 
increase in roots induced by A. tumefaciens (pPZPROL) (Fig. 8).  Low concentrations 
(0.1 mg·L-1) were sufficient to increase branching and subsequently enhance growth in 
hairy root cultures.  Higher IBA concentrations (>0.5 mg·L-1) induced a callus-like 
morphology (Fig. 5c) with no branching, rather than a typical hairy-root morphology 
(Fig. 5d).  
It has been reported that roots transformed with A. rhizogenes are 100- to 1000-
fold more sensitive to exogenous auxins than are non-transformed roots (Shen et al., 
1988). Similar to our results, the addition of IBA and NAA resulted in proliferation of 
hairy roots in a Panax hybrid (Washida et al., 2004).  In hairy root cultures of Pueraria 
lobata, lateral root formation varied in response to different auxins, with formation 
depressed by NAA, unaffected by IAA, and promoted by IBA (Liu et al., 2002b).  NAA 
has been used for callus cultures in A. majus (Staniszewska et al., 2003).  In tissue culture 
multiplication of E. purpurea, increasing NAA concentration resulted in increased callus 
production (Koroch et al., 2002).   Also, both no and 0.1 mg·L-1 of IBA increased root 
elongation in E. purpurea tissue culture, while higher IBA concentration reduced root 
elongation and favored callus formation (Koroch et al., 2002).  Kristen et al (2000) 
reported that IBA was the most efficient auxin in inducing root organogenesis in E. 
purpurea. In Taraxacum platycarpum transformed with A. rhizogenes, the addition of 
NAA to the medium was necessary to avoid shoot formation from roots (Lee et al., 
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2004).  We also found no effect of GA on root growth or alkamide production at any of 
the concentrations evaluated in the Echinacea hairy root cultures (data not shown). 
There were also no differences in alkalmide production in hairy roots treated with 
plant growth regulators to enhance root growth for the three Echinacea species (data not 
shown).  Similarly, no difference in the content of secondary metabolites in the callus of 
A. majus was observed after supplementing with growth regulators (Staniszewska et al., 
2003).  In other reports, low levels of secondary metabolite (umbelliferone) were 
observed in hairy roots of A. majus growing without elicitors or plant growth regulators 
(Staniszewska et al., 2003).  However, hairy roots of  a Panax hybrid grew faster when 
cultured with auxin, and production of ginsenosides was increased compared to hairy 
roots cultured in a hormone-free medium (Washida et al., 2004).  Tylophorine content in 
hairy roots of Tylophora indica growing in a liquid medium was 1.4 to 2.4-fold higher 
than roots growing in solid medium.  Changes in root tylophorine content over time in 
both the liquid and solid cultures were similar (Chaudhuri et al., 2005).   
 
2.8. Effect of chemical elicitors on root growth and alkamide production 
 
After three days of culture in a medium containing either JA, SA, or ethephon, we found 
no statistical difference (P > 0.05) between root growth of control and hairy roots treated 
with JA (Fig. 9).  However, we found that root growth was negatively affected by SA and 
ethephon compared to control roots (Fig. 9).  Similar results were observed for the three 
Echinacea species (data not shown).  Similar results were found previously in other 
cultures, where SA decreased biomass in Oxalis tuberosa (Bais et al., 2003). 
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Different concentrations of JA used in these experiments did not have any effect 
on root growth after 3 days (Fig. 10a) or 2 weeks of culture (Fig. 10b) (P > 0.05).  Root 
growth of the hairy root cultures treated with different JA concentrations was equivalent 
to that of control roots.  Similar results were observed for the three Echinacea species 
(data not shown).  Our results are similar to those reported in C. roseus hairy root cultures 
(Rijhwani and Shanks, 1998). Contrary to our results, Bulgakov et al. (2002) reported 
that in R. cordifolia, MJ inhibited root growth in a dose-dependent manner. 
Alkamide production was increased with increasing concentrations of JA in the 
growing medium after 3 days of treatment (Fig. 11a – 11d).  Production of alkamides 
(detected at UV 260nm) 2 and 8 was increased as the JA concentration increased in the 
growing medium, while alkamide 10 did not vary among all treatments.  No ketones were 
detected at UV 210 nm. 
Our results show that JA did not affect growth but did alter alkamide production, 
which has been also shown in other hairy root cultures (Rijhwani and Shanks, 1998; 
Guillon, et al., 2006).  Diacetylenes were accumulated in 72-96 h after treatment in T. 
parthenemium roots (Stojakowska et al., 2002), and polyacetylenes were accumulated 72 
h after treatment in Ambrosia maritima hairy root cultures (Zid and Orihara, 2005), 
which is similar to the time required to increase production of alkamides in our hairy root 
cultures.  Similar results were obtained in Beta vulgaris, where high levels of MJ resulted 
in higher betalaine content after two weeks of culture (Suresh et al., 2004).  Yu et al. 
(2002) reported that JA increased ginsenoside production but decreased root growth at 
the same time as the JA concentration was increased in the medium (Yu et al., 2002).  
These results suggest that cultures should be challenged with the elicitor JA, when high 
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availability of nutrients in the medium can be used for secondary metabolite biosynthesis 
(Zid and Orihara, 2005). 
It has been suggested that alkamides and ketoalken/ynes are inducible defense 
compounds in Echinacea (Binns et al., 2001), and are key bioactive compounds in this 
species.  Echinacea pallida contains very low levels of alkamides (Barnes, 2002; Wu et 
al., 2004), and increasing production of these metabolites may be of great benefit for the 
dietary supplement industry. 
Salicylic acid concentrations >30 µM did not affect root growth after three days 
of treatment (Fig. 12a).  However, the highest SA concentration evaluated (40 µM) 
reduced root growth (Fig. 12a).  Similar results were reported in Oxalis tuberosa where 
SA decreased biomass compared to untreated control roots (Bais et al., 2003).  In T. 
parthenemium, concentrations higher than 40 µM were also detrimental to root growth 
and changed the morphology of the treated roots (Stojakowska et al., 2002).  After two 
weeks of root growth, we did not see any significant effect on root growth (P > 0.05) 
among all SA concentrations evaluated and the control (Fig. 12b). 
High concentrations of SA (40 µM) increased the production of alkamides in 
hairy root cultures (Fig. 13b) compared to control roots (Fig. 13a), but this increase was 
not as pronounced as in the JA treatment.  In R. cordifolia, SA suppressed growth but 
increased anthraquinone production (Bulgakov et al., 2002). 
Hairy root cultures of Echinacea growing in media containing ethephon failed to 
grow visibly during the first days of culture (Fig. 9).  However, after two weeks, hairy 
root cultures did exhibit an increase in root growth in media containing 10 and 40 µM of 
ethephon compared to control roots (Fig. 14).  Even when root growth was enhanced at 
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high concentrations of ethephon after two weeks of culture, alkamide production was not 
affected at any concentration at 3 days or 2 weeks of culture (data not shown).  Similar 
results with no effect of ethephon on the production of secondary metabolites have been 
reported previously in Oxalis tuberosa cultures (Bulgakov et al., 2002). 
Not all elicitors have the same effects on root growth or secondary metabolite 
production (Yan et al., 2006).  Jasmonic acid is the elicitor that has been used most 
successfully compared to SA and ethephon (Stojakowska et al., 2002).  Jasmonic acid 
was found to increase production of alkaloids in C. roseus (Aerts et al., 1996) and in D. 
stramonium (Zabetakis et al., 1999) and taxol in C. roseus (Verpoorte et al., 1999).  From 
the three elicitors evaluated to enhance alkamide production in Echinacea hairy root 
cultures, only JA was involved in the elicitation of alkamides, similar to Binns et al. 
(2001) who increased production of alkamides in six-month-old seedlings of E. pallida 
with JA. Ethephon was not shown to affect alkamide production and, therefore, cannot be 
recommended for Echinacea hairy root cultures. 
 
3. Concluding remarks 
 
According to Bourgaud et al. (2001), hairy root cultures must be optimized for specific 
light conditions and media in order to achieve sufficient production of secondary 
metabolites.  We found that hairy root cultures induced by A. tumefaciens (pPZPROL) 
produced more biomass in a liquid medium than did hairy roots induced by A. rhizogenes 
A4.  We also found that Echinacea hairy roots produced more biomass in the Gamborg’s 
B5 one-half-strength medium under dark conditions.  The addition of the plant growth 
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regulator, IBA, increased root growth rate several fold in a hormone-free medium.  
However, when transferred to IBA concentrations of >0.5 mg·L-1, root morphology 
changed to a callus-like form, which could be problematic in long-term bioreactor 
systems. 
Alkamide production was affected by several factors: the Agrobacterium strain to 
induce the hairy roots, the sucrose concentration, and light conditions during growth.  
Alkamide production was not affected by media type or the addition of plant growth 
regulators, however.  Large-scale production of Echinacea hairy root cultures should be 
successfully achieved under dark conditions by using liquid one-half-strength Gamborg’s 
B5 medium supplemented with 0.1 mg·L-1 of IBA, 3% sucrose and 40 µM of JA. 
 
4. Experimental 
 
4.1. Plant material 
 
Three species of Echinacea, E. angustifolia, E. purpurea, and E. pallida, were used. 
Seeds were obtained from the North Central Regional Plant Introduction Station 
(NCRPIS) in Ames, Iowa.  The accession numbers and seed lots were E. angustifolia var. 
angustifolia PI 631285 (Lot 00ncai01), E. pallida PI 631293 (Lot 00ncai01), and E. 
purpurea PI 631307 (Lot 00ncai01), which represent wild populations from Iowa, 
Arkansas, and Missouri, respectively. 
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4.2. Hairy root cultures 
 
Echinacea hairy roots were induced by Agrobacterium tumefaciens GV3101 containing 
the construct pPZPROL and by A rhizogenes wild type A4 (pRiA4) (from Romero et al., 
2006).  The pPZPROL construct contained the rol A, B, C genes that enhance hairy root 
production (Hong et al., 2005).  Infection protocols followed the methodology described 
previously (Trypsteen et al., 1991).  Hypocotyls were wounded and dipped in a fresh 
Agrobacterium liquid culture for 5 min.  Roots developed from the wound sites of the 
infected explants after 2.5 to 6 weeks of incubation, depending on the Agrobacterium 
strain used. Hairy roots were excised and cultured in the dark in Petri dishes with 
hormone-free one-half-strength Murashige and Skoog (MS) solid medium and 30 g⋅L-1 of 
sucrose supplemented with 300 mg⋅L-1 of the antibiotic Claforan® at 25 °C. Each excised 
root was propagated as a separate clone and routinely sub-cultured every 4 weeks. 
 
4.3. Hairy root transformation analysis 
 
To confirm transformation events, putative transgenic lines were screened by polymerase 
chain reaction (PCR) for the presence of rol genes (Sevón and Oksman-Caldentey, 2002).  
DNA was extracted by using a DNeasy® Plant Mini Kit (Qiagen, Valencia, CA).  PCR 
was performed with primers 5’-TCGGCTTTAGGCTTCTTTCT-3’ and 5’-
GCACCCGCCTACCTTTATTTA-3’, complementary to the 3’ coding sequence of the 
rol B gene. The predicted size of the PCR product was 1632 bp.  For each PCR reaction, 
100 ng DNA and 50 pico-mol of each primer were mixed with 5 µL of 10× Taq DNA 
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polymerase buffer, 1 µL of 50 mM MgCl2, 1 µL of dNTP, and 0.3 µL of Taq DNA 
polymerase (Promega, Madison WI), in a final volume of 50 µL.  Amplification was 
performed in a programmed Peltier thermal cycler (PTC-200®, MJ Research, San 
Francisco, CA).  The samples were subjected to an initial denaturation at 94 °C for 3 min, 
followed by 35 cycles of 40 s at 94 °C (denaturation), 1 min at 55 °C (annealing) and 1 
min at 72 °C (extension), with a final extension step at 72 °C for 10 min. 
 
4.4. Experiment 1. Amount of initial hairy root culture (inoculum) 
 
To determine an optimal initial amount of Echinacea hairy roots (called ‘inoculum’), we 
tested different initial amounts of hairy root cultures and measured root growth in terms 
of root fresh weight increase every week.  At the end of the experiments, we were able to 
determine which initial amount provided the greatest increase in fresh weight in a 2-week 
period.   
 
4.5. Experiment 2. Growing medium optimization 
 
To determine the optimal medium in which to grow Echinacea hairy root cultures, we 
evaluated two types of growing media. In comparing the effect of solid and liquid media 
on hairy root cultures, we used a medium of one-half-strength MS supplemented with 3% 
sucrose and 300 mg⋅L-1 Claforan®.  Solid medium was solidified with gelrite gellam gum 
(Sigma-Aldrich Inc., St. Louis, MO) at 0.25%, while the liquid medium was dispensed in 
autoclaved 250 ml flasks, which were wrapped with aluminum foil. Both liquid and solid 
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media were autoclaved for 20 min at 121 °C.  Solid medium was dispensed in Petri 
dishes. Hairy roots were transferred under the laminar flow hood to autoclaved flasks 
containing the growing medium by using autoclaved tweezers.   Flasks with liquid media 
and hairy roots were placed in a orbital shaker at 100 rpm held at 25 °C.  Hairy roots 
growing in Petri dishes with solid medium were placed in a darkened growth chamber at 
25 °C.  Data on root fresh weight increase were collected two and four weeks after 
placement in the chamber.  
 After determining if liquid or solid medium provided the best conditions for hairy 
root cultures, we examined varying sucrose concentrations for their effects on hairy root 
growth and alkamide production in three flasks each of liquid medium.  We evaluated 
five sucrose concentrations (1, 2, 3, 4, and 5%) in liquid medium supplemented with 300 
mg⋅L-1 Claforan®.  After 2 and 4 weeks of culture, all hairy roots were harvested and 
analyzed for biomass and alkamide production. 
In evaluating types of growing media, we compared Gamborg’s B5 and MS 
media at full-, one-half-, and one-fourth-strengths.  We measured the effect of the media 
strength on hairy root growth.  We also evaluated the different levels of vitamins (half- 
and full-strength) in each growing medium.  Growth was measured in terms of fresh 
weight at 2-week intervals for 4 weeks.  Four replicates were used for each observation. 
Experiments were repeated twice. 
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4.6. Experiment 3. Effect of light on hairy root growth 
 
We evaluated the effect of light on hairy root growth when hairy roots were grown in 
both liquid and solid medium.  Cultures in each type of media were grown at 25 °C in 
darkeness (24 hr) or lighted with a 16/8 hr light/dark photoperiod.  Light was supplied by 
cool-white fluorescent lamps providing a light intensity of 32 μmol⋅ m-2⋅ s-1.  We used 
liquid and solid media for these experiments to evaluate if there was an interaction 
between media type and light in the growing conditions.  As previously described, 
growth was measured in terms of root fresh weight at 2-week intervals for 4 weeks.  Four 
replicates were used for each observation, and experiments were repeated twice. 
 
4.7. Experiment 4. Effect of plant growth regulators 
 
4.7.1 Auxins (NAA, IBA, and 2,4-D) 
 
 In order to determine if root growth could be enhanced by the addition of plant 
growth regulators to the liquid growing medium, we evaluated the effect of three auxins 
at different concentrations on Echinacea hairy root cultures.  The auxins evaluated were 
naphthalene acetic acid (NAA), indole butyric acid (IBA) and 2-4-dichlorophenoxyacetic 
acid (2,4-D).  Based on preliminary experiments we evaluated NAA, IBA, and 2,4-D at 
concentrations of 0, 0.1, 1, and 2.5 mg·L-1 each.  Hairy roots were transferred to liquid 
media containing auxins (day 0) and cultured for 4 weeks under the same conditions 
under which the hairy root cultures had being growing. Root growth was measured every 
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two weeks, when the medium was replaced.  As with previous experiments, four 
replicates were used for each observation, and experiments were repeated twice. 
 
4.7.2. Gibberellic acid (GA) 
 
To test if addition of GA would enhance hairy root elongation, we evaluated 
different GA levels in liquid growing medium.  Experiments were established as 
previously described for evaluation of auxins. We evaluated GA at concentrations of 0.1, 
0.5, 1.0, 5, 10, 20, and 40 mg·L-1.  Root growth was measured every two weeks, when the 
medium was replaced.  Four replicates were used for each observation, and experiments 
were repeated twice. 
 
4.7.3. Jasmonic acid (JA), salicylic acid (SA) and ethephon  
 
To evaluate the effect of chemical elicitors on root growth and production of 
alkamides of hairy root cultures, E. pallida, E. angustifolia and E. purpurea transformed 
root clones from each species were cultured for 3 days and 2 weeks in liquid one-half-
strength Gamborg’s B5 medium, supplemented with 300 mg·L-1 Claforan® and 3% 
sucrose.  Growing medium was supplemented with the chemical elicitors, JA, SA and 
ethephon, at different concentrations (0, 1, 10, and 40 µM).  Elicitors were prepared and 
filter-sterilized using 0.22 µm polytetraflouroethylene filters (Alltech Associates Inc., 
Deerfield, IL) in a laminar flow hood.  Elicitors were added to the media after the media 
had been autoclaved and cooled.  2-week old material was used for these experiments.  
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At the end of the experimental period, fresh weight was quantified and samples for HPLC 
analysis were prepared. 
 
4.8. Biochemical analysis 
 
Regent-grade ethanol (100%) (Chemistry Stores, Iowa State University) and High 
Performance Liquid Chromatography (HPLC)-grade acetonitrile, acetic acid, regent-
grade trifluoroacetic acid, phosphoric acid (85%) and certificated-grade dimetyl sulfoxide 
(DMSO) (Fisher Scientific, Fair Lawn, NJ) were used for analyses.  Milli-Q water 
prepared by Milli-Q system (Millipore Co., Bedford, MA) was used to prepare all mobile 
phases for the HPLC analysis. 
 
4.9. Extraction of Echinacea 
 
Fresh hairy root samples of Echinacea were used to make the extracts.  Samples were 
taken from each of the growing condition treatments.  Three independent biological 
samples were used for each determination.  Each root sample (0.3 g fresh weight per 
sample) was ground in liquid N2 with a mortar and pestle, with the addition of 25µl 7-
hydroxyundeca-2E-ene-8,10-diynoic acid (C15H21O2) as internal standards for relative 
quantification of lipophilic compounds (Wu et al., 2004).  The powder was further 
ground with 1 ml of 70% ethanol for 2 min, and the resultant suspension was transferred 
to a capped tube; 2 ml of 70% ethanol were then used to rinse the mortar and added to 
this tube. The tube was vortexed for 30 sec, and centrifuged for 1 min at 12000 × g.  The 
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supernatant (ethanol extract) was filtered through a 0.22 μm filter (Alltech Associates 
Inc., Deerfield, IL). 
 
4.10. HPLC analysis of Echinacea extracts 
 
The Echinacea extracts were analyzed by an HPLC system that consisted of a Beckman 
System Gold® 126 solvent module, a Beckman model 508 autosampler, a Beckman 
model 168 detector (Beckman Coulter, Inc., Fullerton, CA), and a RP- C18, 5 μm, 250 × 
10 mm i.d. YMC-ODC-AM-303 column (YMC, Inc., Wilmington, NC).  All Echinacea 
extracts were filtered through 0.22 μm polytetrafluoroethylene filters (Alltech Associates 
Inc., Deerfield, IL) before injecting into the HPLC system.  Milli-Q system (Millipore 
Co., Bedford, MA)-HPLC grade water was degassed prior to preparing the mobile phases 
for HPLC analysis.  Relative alkamide quantification was performed by measuring peak 
heights ant taking the mean of three replicates.  Increases were calculated in reference to 
levels of lakamides produced in non-transformed samples, designated as 100%.  
 
4.11. Echinacea alkamide gradient 
 
The two mobile phases were (A) degassed Milli-Q water and (B) acetonitrile.  A linear 
gradient of increasing 40% B to 80% B was developed within 45 min at flow rate of 1.0 
mL·min-1 with UV detection from 200 - 600 nm and especially at 210 nm and 260 nm for 
alkamides.  The injection volume was 15 μL.  The Echinacea alkamide gradient was 
modified by HPLC analysis from Bauer et al. (1988). 
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4.12. Growth measurements and statistical analysis 
 
Root fresh weight was measured after 2 and 4 weeks of culture.  Growth was expressed 
as increase in fresh weight, which corresponds with the Fresh Growth Index (FGI) used 
in other research (Jacob and Malpathak, 2005).  Increase in fresh weight (IFW) was 
calculated using the following formula: 
IFW = Final fresh weight of biomass – Initial fresh weight of inoculum
Initial fresh weight of inoculum 
Growth parameters were evaluated by using the general linear model procedure of the 
Statistical Analysis System™ (SAS Institute, 2001) to identify significant treatment 
effects.  Means were compared with Fisher’s test for mean separation. 
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Fig. 1. a) Growth of Echinacea hairy root cultures in liquid and solid media after 2 weeks. 
One-half-strength hormone-free Murashige and Skoog was used for these experiments.  
b) Effect of Agrobacterium strain and media on growth of hairy root cultures of 
Echinacea after 2 weeks.  Results represent the means of two experiments with 3 
replicates each.  Bars represent standard errors of the means. 
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Fig. 2.  a) Root growth increase in hairy root cultures treated with varying sucrose 
concentrations in growing media. One-half-strength hormone-free Murashige and Skoog 
was used for these experiments.  Results represent the means of two experiments with 3 
replicates each.  Bars represent standard errors of the means.  Fig. 2b, c, d. Metabolic 
profiles of Echinacea pallida hairy root cultures induced by A. rhizogenes A4.  Hairy root 
cultures were grown in one-half-strength Gamborg’s B5 liquid medium supplemented 
with b) 1%, c) 3%, and d) 5% of sucrose and 300 mg·L-1 of Claforan®. Dash line: UV 210 
nm, solid line: 260 nm. 
 
 
 
 
 
 
 
 
 
 
177 
0
20
40
60
80
100
120
1
Media Type
In
cr
ea
se
 in
 fr
es
h 
w
ei
gh
t (
%
)
 B5                 B5/2             B5/2 FV           B5/4                MS               MS/2
 
Fig. 3. Growth of hairy root cultures on different media after 2 weeks of growth.  
Hormone-free Murashige and Skoog and Gamborg’s B5 media were evaluated at full 
(MS, B5), one-half-strength (MS/2, B5/2), one-fourth-strength (B5/4), and one-half-
strength with full- strength vitamins (B5/2 FV).  Results represent the means of two 
experiments with 3 replicates each.  Bars represent standard errors of the means. 
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Fig. 4.  Root growth increase in Echinacea hairy root cultures after 2 weeks under 
varying light and media conditions.  Results represent the means of two experiments with 
3 replicates each.  Bars represent standard errors of the means.  
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Fig. 5.  Hairy root cultures of E. purpurea grown under a) light and b) dark conditions; 
hairy roots grown under light conditions exhibiting more red color than those grown in 
the dark. c) Hairy root cultures growing in IBA concentrations of 0.5 to 2.5 mg·L-1 and d) 
in 0 to 0.1 mg·L-1 IBA. 
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Fig. 6.  Metabolic profiles of Echinacea pallida hairy root cultures induced by A. 
rhizogenes A4.  Hairy root cultures were grown under a) light and b) dark conditions for 
four weeks in solid one-half-strength Gamborg’s B5 medium supplemented with 3% 
sucrose and 300 mg·L-1 of Claforan®. Numbers represent peaks from unidentified 
compounds. Dash line: UV 210 nm, solid line: 260 nm. 
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Fig. 7.  Root growth increase in hairy root cultures treated with indole butyric acid (IBA) 
and induced by two Agrobacterium strains.  Two experiments with four replicates each 
were conducted for 2 weeks.  Results represent the means of two experiments with 3 
replicates each.  Bars represent standard errors of the means. 
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Fig. 8.  Root growth increase of hairy root cultures treated with different concentrations 
of indole butyric acid (IBA).  Two experiments with four replicates each were conducted 
for 2 weeks.  Results represent means of two experiments with 3 replicates each. 
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Fig. 9. Fresh weight of Echinacea hairy root cultures after three days of treatment with 
jasmonic acid (JA), salicylic acid (SA) and ethephon.  Results represent means of two 
experiments with 3 replicates each.  Bars represent standard errors of the means. 
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a 
b 
Fig. 10. Growth of hairy root cultures treated with jasmonic acid (JA) after a) 3 days and 
b) 2 weeks of treatment.  Results represent means of two experiments with 3 replicates 
each.  Bars represent standard errors of the means. 
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Fig. 11. Alkamide production in Echinacea pallida hairy root cultures after  treatment 
with jasmonic acid (JA).  Hairy root cultures were grown in liquid one-half-strength 
Gamborg’s B5 liquid medium supplemented with 3% sucrose and 300 mg·L-1 of 
Claforan®. This medium contained a) 0, b) 1, c) 10, and d) 40 µM of JA.  Cultures were 
grown for three days before evaluation.  Dash line: UV 210 nm, solid line: 260 nm. 
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b 
Fig. 12. Growth of hairy root cultures after treatment with salicylic acid a) 3 days and b) 
2 weeks of treatment.  Results represent means of two experiments with 3 replicates each.  
Bars represent standard errors of the means. 
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Fig. 13. Alkamide production in Echinacea pallida hairy root cultures after treatment 
with salicylic acid.  Hairy root cultures were grown in liquid one-half-strength 
Gamborg’s B5 liquid medium supplemented with 3% sucrose and 300 mg·L-1 of 
Claforan®. This medium contained a) 0 and  b) 40 µM of SA.  Cultures were grown for 
three days before evaluation.  Dash line: UV 210 nm, solid line: 260 nm. 
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Fig. 14. Hairy root growth after two weeks of ethephon treatment.  Results represent 
means of two experiments with 3 replicates each.  Bars represent standard errors of the 
means. 
 
 
 
 
 
 
 
 
 
 
189 
CHAPTER 6.  GENERAL CONCLUSIONS 
 
Based on the experiments conducted as part of this dissertation, cold-moist 
stratification at 4 °C for 4 wk under 16-24 hr of light served as an effective, alternative 
method that can be used by organic producers for breaking Echinacea seed dormancy. 
The equipment needed for these methods requires only slight modifications from 
standard operationing procedures. While germination of Echinacea has generally been 
reported in a lower range, we observed that seeds of the three most medicinally important 
Echinacea species from the most available commercial organic seed source had 
germination rates in the range of 66–82% in this study. Therefore, cold-moist 
stratification of Echinacea seeds under light conditions is recommended for optimal 
organic Echinacea production. 
After three growing seasons in the field, we found that there was a significant 
increase in root production for E. purpurea and E. pallida, but not for E. angustifolia, 
which did not increase root mass from year two to three.  Echinacea angustifolia and E. 
purpurea root production was not affected by either production system or seed source 
after three years.    However, root yield was affected by production system in E. pallida 
in the third year, where greater yield was obtained under screened cages.  Screened cages 
had an effect on plant establishment in the field, but after the first month, neither 
production system nor seed source had any effect on growth of E. angustifolia.  In the 
case of E. purpurea, plants growing in screened cages grew taller than did plants in the 
open field, but this did not affect flower production.  In general, seed source did not have 
any effect on growth of E. purpurea.  Echinacea pallida production was often inflenced 
by interactions between seed source and production system; therefore, the production 
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system used to grow this species may depend on the seed source used.  In areas of 
certified organic production where the requirement for organic seeds is enforced and aster 
yellows disease occurs, Echinacea producers may want to consider using screened cages.  
Based on these results, E. angustifolia may be harvested after two years, while E. 
purpurea and E. pallida will increase root yield with an additional year of growth. 
Echinacea pallida performed best under screened cages, producing more roots compared 
to the open field after three growing seasons. 
In areas of aster yellows disease, E. purpurea should be grown in screened cages 
where plants were less affected by leafhoppers carrying the disease.  When plants were 
affected by aster yellows disease, production of caffeic acid derivatives (hydrophilic 
fractions) was increased relative to the production of alkamides, as caffeic acid 
derivatives may be more involved in the plant’s defense mechanism than are alkamides.  
Concentrations of key biochemical constituents in second-year roots were similar to, or 
greater than, recommended industry standards for two-year old roots.  Production of 
alkamides 8+9 [N-isobutyl-(2E,4E,8Z,10E)-dodecatetraenamide (8) and N-isobutyl-
(2E,4E,8Z,10Z)-dodecatetraenamide (9)] was increased from year two to three in E. 
angustifolia, E. purpurea and E. pallida.  The remainder of the metabolites evaluated was 
produced in equivalent concentrations in years two and three.  Based on the seed sources 
and production systems examined here, and on Echinacea yields previously reported, we 
conclude that, for organic production, satisfactory Echinacea root yields with adequate 
metabolic profiles can be obtained under screened cages using currently available organic 
seeds. 
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Regarding the establishment of hairy root cultures, despite species differences in 
transformation efficiency, genes introduced by A. rhizogenes A4 and A. tumefaciens 
(pPZPROL) were able to enhance root growth in all three Echinacea species.  Our results 
revealed that the rol ABC genes are sufficient to induce hairy roots.  The Agrobacterium 
strain used to induce hairy root cultures influenced the resulting root morphology.  Root 
growth patterns, however, were not affected by the Agrobacterium strain, but were 
specific to each Echinacea species.  These results demonstrate the establishment of stable 
hairy root cultures with enhanced rates of growth for three species of Echinacea and the 
production of secondary metabolites distinct from those of non-transformed roots, 
including the accumulation of novel compounds. Under the growth conditions utilized 
here, stable, vigorous cultures have been observed in vitro for up to three years.   
        Based on these results, hairy root cultures of Echinacea represent a valuable source 
for the production of known and novel bioactive alkamides. The stable growth of 
transformed roots and the presence of a wide spectrum of potentially important secondary 
products demostrate that the generation of bioactive compounds in hairy root cultures of 
Echinacea has great potential as a standardized production system. After identification of 
optimal growth conditions and enhanced levels of specific compounds, scaled-up 
production schemes may be easily designed for the efficient bio-pharming of valuable 
root metabolites.  
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